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INTRODUCTION

Researches in the particle physics require construction of high-energy accelerating systems. One
of possibilities to obtain necessary interaction energy is colliding particles of oppositely directed
beams. The machines utilizing this principle are traditionally called colliders. They fall into two
major groups. linear colliders and storage rings. Beams in linear colliders are accelerated and
transported to a collision point and then discarded after the single collision. In storage rings,
particle of two beams recirculate along closed orbit and continuously interact in points of
intersection. They can be stored in two separate rings or in a single ring if the beams consist of
oppositely charged particles.

The idea of colliding beams in storage rings was originally proposed in 1956 [1]. The first
accelerators utilizing this principle were: 250 MeV (here and after is given energy per beam)
single e'e ring AdA at Frascati (Italy, 1962), 140 MeV double €€ ring VEP-1 at Novosibirsk
(Russia, 1963) and 500 MeV double €€ ring CBX machine at Stanford (USA, 1963) [2]-[3]. The
first hadron collider was 31 GeV double pp ring ISR at CERN (Switzerland, 1971) [4].

Further development of accelerating systems was on the way towards higher interaction energies.
In terms of collider subsystems, it requires increasing of magnetic field strength in bending
dipoles or a machine circumference. Both ways lead to the cost and operating expenses grows.
Therefore, optimization of the machine parameters plays an important role for its development
and operation.

One of the mgor elements driving the cost of a storage ring is a bending dipole magnet. Earlier
accelerators utilized superferric bending dipoles, where magnetic field, created by resistive cails,
was shaped by iron poles in the magnet aperture. However, superferric magnets were ineffective
for fields above 2 T due to the iron yoke saturation, leading to suffering of magnet performance.
Also considerable amount of electrical energy losses in resistive coils made operation of such
systems rather costly.

Discovery of superconductivity by a Dutch physicist H. Kamerlingh Onnes in 1911 made it
possible to tremendously increase the current density in a bulk of material. However, practical
implementation of superconducting windings in accelerator magnets happened after extensive
study and development of superconducting cables and cryogenic technique in late 70™. Largest
operating accelerators, based on superconducting magnets are [5]-[7]:

- Tevatron-0.9TeV singlepp ringwith4.4 T field at FNAL (USA, 1987);

- HERA - 0.82 TeV double €'pp ring with 4.7 T field at DESY (Germany, 1992);
- RHIC-0.5GeV doublepp ringwith3.5T field at BNL (USA, 1999).



Among colliders being under development at the meantime are: UNK - 3 TeV double pp ring
with5.1 T field at IHEP (Russia) and LHC - 7 TeV double pp ring with 8.4 T field at CERN.

Further increase of the operating field is possible with the help of NbsSn, which is class A15
intermetallic compound. This type of superconductor is considered for implementation in the
second stage of Very Large Hadron Collider (VLHC), being investigated at severa US
laboratories [10]. The shell type NbsSn dipole models manufactured at CERN, University of
Twente and LBNL reached central fieldsof 9.5 T, 11.3 T and 12.8 T respectively at 4.3 K [11]-
[13]. The NbsSn common coil magnet, developed recently at LBNL, reached 14.6 T field in 10
mm bore [14], thanks to the excellent performance of modern NbsSn superconductors.

Development and testing of the accelerator magnets made from high temperature
superconductors (HTS) is aso in progress at different institutions [15]-[16]. However, HTS cost
and performances are the major factors, limiting its implementation in large-scal e applications.

There is a fundamenta difference between the superconducting accelerator magnets and other
superconducting magnets (like large solenoids for particle detectors and toroids for nuclear
fusion machines), making their design and construction a very special brunch of technology [17]:

* Necessity to use very high current densities for economical generation of high fields.
» Extreme precision of the magnetic field distribution in small apertures.

» Complex and non-uniform pattern of electromagnetic forcesin coil and iron yoke.

» Large number of magnetsin accelerator.

» High degree of reproducibility and reliability.

These characteristics make the development of superconducting accelerator magnets singularly
complex and difficult and assume solving a wide range of non-trivial design and fabrication
problems, including:

 Field quality in the magnet aperture must be within specification (typically 10™) during beam

injection, acceleration and collision periods that requires:

- optimization of the coil cross-section in order to minimize geometrical field errors,

- optimization of the iron yoke cross-section in order to reduce harmonic deviations due to
the iron saturation effect;

- correction of the persistent current effect leading to hysteretic behavior of harmonics in
accelerating cycle;

- minimization of the dynamic effects due to eddy currents in conductive elements of
magnetic system;

- 3D optimization of the coil end-parts to minimize integral multipoles along magnet
length.



A magnet of minimum cost must be able to reach the nominal field at given ramp rate and

remain there for prolonged periods without irreversible transitions to the resistive state

(quenches). It implies:

- optimization of the coil volume, copper to non-copper ratio and critical current density in
superconductor;

- 3D optimization of coil ends to reduce the peak field in the coil end below acceptable
value;

- minimization of coil inductance and stored energy;

- minimization of the heat generation due to eddy current losses in the cable and
surrounding el ements.

Therefore, consequent study of the mentioned above problems, development and verification
methods of their solution based on numerical and experimental models is an important issue for
the progress in accel erator magnet physics and technology.

Goals of the performed work. The dissertation work had the following goals:

Study and development of the NbsSn shell type dipole magnet with single aperture on the
field of 11-12 T, including:

- optimization of the coil and yoke cross-section;

- development of the magnet short models;

- experimental investigation of the magnetic field quality in the short models.

Parametric study of field quality in dipole and quadrupole magnets and methods of its
improvement.

Development of reliable and cost effective designs of NbsSn dipole and quadrupole magnets
with horizontal and vertical bore separation for the second stage VLHC.

Study of the persistent current effect in NbsSn magnets and methods of its correction,
including.

Scientific novelty and the results to be defended. The following new results are presented in

thethesis:

Developed magnetic design of single aperture NbsSn shell type dipole with a peak field of
11-12 T. Two short magnet models have been manufactured according to the developed
design and tested. Obtained experimental data most comprehensively describe field quality in
NbsSn magnets. Magnetic measurements gave possibility to quantitatively characterize
distribution of geometrical harmonics in magnet aperture, influence of superconductor
magnetization on the field quality, dynamic effects related to eddy currents in elements of
construction and harmonics drift at the injection plateau. Comparison with calculations
allowed experimenta verification of numerical models and development recommendations
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on improvement of magnet parameters.

Proposed and numerically evaluated design of a single-layer common coil dipole magnet,
meeting VLHC requirements. One has demonstrated possibility of obtaining the necessary
field level and quality using only one coil layer with 3 blocks per quadrant that has never
been done before. The proposed design has certain advantages with respect to traditional
block type magnets, providing better field quality within operating range and reduced
manufacturing time.

Performed optimization of shell type dipole with “cold” iron yoke and horizontal bore
separation, meeting VLHC requirements. Proposed and numerically verified possibility of
making cuts along flux lines, minimizing field sensitivity to gap variations.

Proposed an effective design of the shell type dipole with “warm” iron yoke and horizontal
bore separation. In process of numerical optimization, the magnet outer dimension has been
reduced by factor of 2 and “cold” block weight by factor of 3-4, with respect to the “cold’
yoke magnet, while meeting VLHC requirements. The coil inductance is by 23 % smaller
that reduces voltages, generated during quench and allows increasing the magnet length.
Considered shell type dipole with “cold/warm” iron yoke and vertical bore separation,
meeting VLHC requirements. Performed optimization demonstrated possibility of reduction
the magnet size by ~30 % with respect to the entirely “cold” yoke design.

Developed effective designs of quadrupole magnets with different functions and aperture
separations intended to work together with the proposed dipole magnets. All of them meet
VLHC requirements.

Proposed and numerically evaluated shell and block type coils with a minimum inductance.
They alow achieving a better field quality by a precise control of every cable position,
increasing the magnet length without complication of the quench protection system,
reduction of time and quantity of materials, necessary for the magnet production.

Numericaly and experimentally verified method of simulation the coil magnetization effect
based on finite-element code, which takes into account precise (measured) properties of
superconductor and other magnetic elements. Based on this method, there was performed
numerical simulation of the coil magnetization effect in different designs of NbsSn dipole
magnets. Evaluated impact of the magnet design on the coil magnetization effect.

Proposed and numerically verified cheap and effective methods of correction the cail
magnetization effect based on iron shims. They allow reduction of field distortions in NbsSn
magnets by factor of 3-5. Demonstrated that performance of the passive correctors can be
enhanced by factor of 2 using small adjustment of coil geometry. Performed experimental
investigation and verification of the proposed passive correctors, installed inside aperture of
NbsSn dipole magnet.



Thus, developed magnet designs, proposed methods of field correction, results of numerical and
experimental simulations are to be defended.

Practical value. Results and methods described in the dissertation were implemented during:

* Conceptua design study of second stage VLHC. Proposed single-layer dipole magnet with
common coils and quadrupole magnet with FF functions were used as the base-line designs
for 100 TeV collider with 233 km circumference.

» Development, manufacturing and test of Nb;Sn short dipole models at Fermilab.

» Development, production and test of passive correctors of the coil magnetization effect,
together with Nb3Sn short dipole models.

Publicizing of the results. Mgjor results of dissertation have been reported during meetings of
the High Field Magnet Group at Fermilab, VLHC meetings and workshops, Accelerator Physics
and Technology Seminar at Fermilab, Budker seminar at Fermilab, Fermilab preprints,
international conferences PAC99, MT16, ASC2000, PAC2001, MT17 and presented in
publications [40]-[42], [44], [46]-[47], [49], [50], [53]-[56], [78], [93]-[96], [98]-[101], [103]-
[105], [108]-[114], [118], [132], [134], [138], [141]-[143], [146], [147], [150], [151], [156],
[157].

Volume and structure of dissertation. The dissertation consists of introduction, five chapters,
conclusion, two appendixes and list of references. Every chapter contains a separate introduction
and a summary. Major results, obtained during R&D are summarized in the conclusion to the
dissertation.
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CHAPTER 1. STUDY AND OPTIMIZATION OF SUPERCONDICTING COILS

1.1 Introduction

The early accelerators and colliders were based on the iron-dominated (or superferric) magnets.
Magnetic flux produced by resistive (copper) coils in these magnets was transported by means of
ferromagnetic yoke into the magnet aperture, where pole tip profile and ferromagnetic shims
formed necessary field distribution. However, such approach became costly and ineffective with
demand of higher magnet strength. Ferromagnetic yoke in such magnets could effectively
(without considerable losses on fringe fields) transport magnetic flux until it is saturated. Since
the best material (iron-cobalt aloy) for the pole tips had saturation magnetization of 2.35 T, it
limited the operating field in the iron-dominated magnets at alevel of 2 T.

The yoke saturation effect causes field distortions, which could acceptably be controlled by the
“crenellation” or “two current” techniques up to 3 T field [18]. Apart from that, reasonable
restrictions on the magnet size drove current density in resistive coils to an extent imposing
water-cooling to extract the energy dissipations that made operation of accelerator highly energy
consuming. One of the last machines, built with the resistive magnets was Main Injector into
Tevatron at FERMILAB [19].

However, using of superconducting coils instead of resistive may reanimate the superferric
magnet concept. One of the possible options is the transmission line magnet [20], where the
magnetic flux is created by a single superconducting cable, carrying 100 kA current and
surrounded by ferromagnetic yoke with two horizontal gaps for the counter-rotating beams.
Using of the iron yoke limits operating field in the magnet at 2-3 T that requires digging up a
long tunnel in order to attain the next level of beam energies. Nevertheless, simplicity of the
transmission line magnet and low manufacturing cost allow increasing the tunnel length without
cost grows of accelerator. Thisideawas used in thefirst stage VLHC, which has the same energy
and cost as SSC, but 2.7 times longer tunnel [10].

Modern superconductors with high current densities allow reaching of much higher fields than
can be produced by superferric magnets. Meeting the field quality target makes it necessary to
get rid of ferromagnetic yoke as the magnetic flux transporter from the coil to magnet aperture.
Magnets utilizing this concept (called “conductor-dominated”) consist of superconducting coil
adjacent to the beam pipe that surrounded by iron yoke from outside, which plays a role of the
flux return and magnetic screen. Necessary field distribution is usually provided by optimized
geometry of superconducting coil.
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1.1.1 Definition of the field harmonics

The field quality in magnet aperture is convenient to describe in terms of a limited set of
harmonic (multipole) coefficients. From definition of the magnetic field vector potentia in
Cartesian coordinates:

_ .. 0A . _( 0A
B=curlA=i oA, _ %y + OA _0A, +k 9y _0A
dy 0z 0z  OX ox oy

and considering two-dimensional problem that is the case for field inside long magnets, one can
find:

B:aﬁB

X

-_9A

, 111
gy ox (10

Taking into account that the field can be also expressed as a gradient of its scalar potentia in
non-current region:

B=-pgrad(U)
or
ou ouU
B,=p—, B, = u— 1.1.2
x —H o Y M ay (112

one can define an analytic complex potential function:

P(x,y) = A, (X% y) +U(XY),

since equations (1.1.1) - (1.1.2) satisfy the Cauchy-Riemann conditions for analytic functions.
The complex potential function can be further expanded into the power series around the center
of coordinates:

P(x y) = 3 (B, +iA)(x+iy)". 113
n=0

where By, A, are called normal and skew multipole coefficients.

Taking the derivatives of (1.1.3) one can find multipole expansion of the flux density
components in Cartesian coordinate system, which in European convention [21] writes:
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By(x1 y) + in(X1 y) = Bref i (bn + ian)( Xr+ ij )

n=1 ref

where r¢ is areference radius, B¢ is a reference field - magnitude of the main field component
at the reference radius, a,=An/Bre, Di=Bn/Bi« are normal and skew multipole coefficients, related
to the main field component.

The same equation can be written in trigonometric form that is more convenient to use in polar
coordinate system:

By(r.0) =By 3| | [b, cos(n6) - a, sin(nd)]

n=1\ lo

B.(r0) =By || [b,sn(n6)+a, cos(nd)

n=1\ lo

This definition of the field multipoles will be further used in the content of to describe the field
quality. Calculation of the relative multipole coefficients can be done according to Euler
formulas [22] for known distribution of radial field component along a circle with radius r:

A)
8, = Bl [B, (1« 16) coS(NB)B, by, =
ref TU 0

1
B« TT

21
[B, (1 ,8)sin(n6)de
0

1.1.2 Generation of pure multipolefields

The ways to produce pure magnetic fields by a current-carrying media are known for along time.
The simplest caseis two parallé, flat, infinitely high and long conductors with current flowing in
opposite directions that produces a uniform dipole field in between. This case, however, does not
have a practical value due to the infinite conductor volume.

Another possibility is a so-called cosine-theta current distribution: a layer of current distributed
at the surface of acylinder with radius rq according to functions:

2B, 1" 2B . r,"
1(8) =——"° cog(nB) or 1(8) =———*2 sin(nd),
n

on Ho

produces correspondingly pure normal or skew multipole field of the order n [23].
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If to approximate such current carrying-layer by a cylindrical conductor with a wall of finite
thickness — the current density in the wall should follow cosine or sine distribution given above.

Practically it is easier to achieve a uniform current density. In this case, approximation of the
required current distribution renders the coil wall thickness to follow the cosine or sine pattern.
Geometrically this requirement means that the coil shape should follow two intersecting circular
or éliptical conductors, carrying currents in opposite directions.

Field inside of a single circular or elliptical conductor with an origin at the center of coordinates
can be expressed in complex form as:

J,. . J .
Bar (X ¥) =Ho = (X=1y), By (%, y) =Ho m(bx— iay),

where Jisacurrent density in the conductor, a and b are horizontal and vertical half-axes of the
ellipse. In case of two intersecting conductors field in the region of intersection can be found by
superposition. If they carry currents of equal densities but opposite signs — the conducting media
can be removed from the region of intersection, opening free space for the beam. It is easy to see
that the field at any point inside of the intersection region is real, uniform and constant, meaning
existence of the dipole component only:

bA
a+b’

B (X, YY) =HdA, By (X, Y) =21,J (L.1.4)

where conductors are horizontally shifted by +A from the center of coordinates.

Two dllipses with a common center but rotated by 90 degrees one with respect to another (with
interchanged a and b) produce following field in the region of intersection:

b-a .
By (X, y)=Uu,d —LXx+1y).
al (% Y) FHod L Lx+iy)

Taking derivatives from real and imaginary parts along X and Y directions, one gets constant
gradient:

G(X, y) — d Re(BeII (X’ y)) — d Irn(Bell (X’ y)) — HOJ E = const . (1.15)

dx dy

Thus two oriented by 90 degrees €llipses generate a pure quadrupole field.

Direct approximation of the intersecting circular or elliptical cylinders is possible if the coil is
wound from a wire with much smaller dimensions than the size of the supporting cylinder. It
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results in a large number of turns and inductance of the coil and used to be implemented in
supplementary accelerator magnets (multipole correctors), working at low field levels and
current ramp rates.

Main accelerator magnets has to have a lowest inductance possible due to the quench protection
issues. Therefore, using of low number of turns in the coil, wound from multistrand cable with a
large cross-section is a must. In most of the main accelerator magnets, the cable width is
comparable to the aperture size, making it difficult to directly reproduce the cosine current
distribution.

1.1.3 Coail configurations

There are two major types of cable arrangements with respect to the coil aperture used in the
conductor dominated superconducting magnets. The first and most commonly used one is a so-
called shell type cail. It is wound on a surface of a circular or elliptical cylinder and consists of
one or more current-carrying layers (shells). Ideally, the cable should have trapezoidal cross-
section in order to match appropriate sectors of the current shells (keystoned cable), which is
practically achievable for coils with alarge bore diameter (TEVATRON, HERA, RHIC). In this
case, al the cables are positioned radially that simplifies winding and ensures that both inner and
outer coil surfaces follow circular or eliptical pattern [21]. However, the radial turn position is
difficult to achieve for smaller coils since the cable compaction ratio at the narrow edge f. = ti/2ds
should stay above atolerable limit of 0.75 (heret; is the cable thickness at the narrow edge and ds
isthe strand diameter) [21].

The second approach is a block type coil, which consists of a cable with rectangular cross-
section. Cross-section of the coil blocks is also rectangular that makes it possible to build a so-
called common coil configuration [24]. In this case, the cable is wound into the racetrack shape
that requires only two (multilayer) coils to generate dipole fields of opposite signs in two
apertures.

1.1.4 Coail design techniques

In dipole and quadrupole magnets with big apertures based on the shell type coils, the cable
keystoning angle can be adjusted within tolerable limits in order to match with the radial lines.
Every conductor block in such configuration matches with an arc sector, shown in Figure 1.1.1.
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Figure 1.1.1 Shell type coils (left — dipole, right - quadrupole).

Magnetic field generated by the shell conductors can be anayticaly expressed in terms of
multipole coefficients as:

B, = 2R, -R)sin(@)

g = 2 (RT"-R")

A | n(2-n) Sin(ne).

n=2k+1, kU Red

for the dipole and

B, - 2“123 |n(%Js'n(2e),

5 = Mo (R -R")
"om n(2-n)

sin(n®),

n=4k+2, k 0 Real
for the quadrupole coil configurations[17].

It is easy to see that by choosing dipole shells with alimiting angle of 60 degrees per quadrant,
one can eliminate first allowed by the coil symmetry multipole coefficient (after dipole) —
sextupole (Bz). Similarly, choosing 30 degrees shells for quadrupole one can eiminate the first
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allowed dodecapole (Bs). Two current shells can therefore simultaneously eliminate both
sextupole and decapole in the dipole magnet. Such principle was implemented first in Tevatron
magnets by choosing the limiting angle of about 72 degrees in the inner and 36 degrees in the
outer layer [5].

The above formulas do not take into account the current density variations across the shell due to
the cable keystoning as well as insulation between cables, which can only be neglected for
relatively large coil radii. For smaller ones (SSC, LHC, VLHC) these effects must be taken into
account along with the block shape that in this case does not match with an arc sector.
Nevertheless, it is possible to compute the field analyticaly as a superposition of fields from
single strands by the Biot-Savar low and use an optimization algorithm to find the required
solution.

This approach is implemented in ROXIE (Routine for the Optimization of magnet X-sections,
Inverse field computation and coil End design) code created by S. Russenschuck at CERN for
the design and optimization of the LHC superconducting magnets [25], [26]. The coil and iron
yoke modeler modules of the code allow generation of a magnet geometry by meaningful
engineering design parameters, such as the number of conductors and blocks, radii of block
supporting cylinders, inclination and positioning angles of the blocks, conductor dimensions and
properties. The field is evaluated analytically by the Biot-Savar low in case of yoke with constant
permeability and infinite outer boundary (image current method) or numerically, using reduced
vector potential formulation in case of the yoke with real dimensions and properties. All
evaluated field quantities can be addressed as objectives for the numerical optimization.

Most of the optimization problems include multiple conflicting objectives that must be
considered simultaneously, a so-called vector optimization problem [27]. The solution process of
vector optimization problems consists of three steps: decision-making methods [28]-[29],
methods to treat non-linear constrains [30]-[32] and minimization algorithms [33].

Mathematical optimization techniques have been applied in computational electrophysics for
relatively long time [34]-[36]. These attempts were, however, application specific. Only in late
80" optimization routines were incorporated in multipurpose numerical computation codes
(ANSYYS).

The wide range of applied methods proves that there is no general method developed so far to
solve the nonlinear optimization problems in a similar way as it can be done for the linear
problems [37]. There are many different applications of computational electrophysics and every
one has a preferable solving procedure. Some methods used for optimization of the conductor-
dominated magnets are provided with ROXIE code [27].
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1.2 Study of the coil design parameters

All the superconducting accelerator magnets built by present time utilize shell type dipole coils
with the apertures of 50 mm and more. In addition, there is a clear correlation between nominal
beam energy and coil aperture — dipole magnets with smaller apertures are used to transport
higher energy beams. The major reason of thisis economical as a part of the main magnet price
in overall collider cost increases rapidly with the operating field. It is obviously important to
determine and use a minimum magnet aperture, which can satisfy requested accelerator
parameters.

One of unknown contributions into the physical magnet aperture is the dynamic aperture —
maximum amplitude of a particle, which can survive for a given number of turns. Usually the
dynamic aperture is determined after extensive run of beam-tracking programs with input data of
accelerator lattice and expected field errors [38]. The field errors must be computed for a known
coil configuration, with some initial aperture approximation. Therefore, in general, optimization
of the coil geometry is contingent with the beam track calculation that makes it extremely time
consuming. However, using of the beam tracking programs can be avoided at an initial stage of
magnet design, by imposing of magnet field to satisfy field error table for a machine with close
beam parameters. Then the coil optimization should be performed in order to determine a most
economical coil configuration (with a minimum aperture size) that satisfies the field quality
criteria.

As preliminary criteria of the field quality there were taken tolerances on systematic and random
field errors, developed for SSC [9], asit had closest center-mass energy to any future collider.

1.2.1 Idealized optimum dipole coil

Simulation of the coil configuration, required for generation of the uniform dipole field B within
aperture of the given radius r, in many cases involves numerical optimization of multiple
conductor positions around the aperture. A theoretical limit for optimum coil configuration (with
minimum cross-section area and cost) can be, however, derived semi-anaytically.

Let us find a coil configuration based on two intersecting ellipses that generates uniform
magnetic field with the flux density B inside aperture with radius r (Figure 1.2.1) and has a
minimum possible cross-section area. The current-carrying superconducting material is assumed
to have critical current density in the non-copper fraction J; at the field By and some temperature,
while being uniformly distributed together with copper stabilizer within the ellipses.
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Copper to non-copper ratio is aso uniform and equals to Kqs.. The critical current density of
NbsSn superconductor can be expressed as a function of applied field B, according to [39]:

2
_C(,_ B
JC(B)_ﬁ(l Bczj |

where B, isthe upper critical field of superconductor. The constant C is defined as:

A CONCY

E 2

where By is some reference field at which the critical current density is known.

Figure 1.2.1. Naming convention of the dipole coil.

The effective (mean) current density in a conductor containing copper and non-copper fractions
IS

_ _J.(B)

J(B) = .
( ) 1+KCUSC

(1.2.1)

Cross-section area of the two ellipses with taken out region of intersection can be written as:

S= Z{Trab - Z{ab Earcco{%) - Arl}} . (1.2.2)

Using the equation of field produced by two intersecting ellipses (1.1.4) and taking into account
that:

19



A=a-r (1.2.3)

one can express flux density as:
a-—-r
B=2u,J(B)b——
HoJ(B) a+b

that allows to derive one of ellipse half-axis as a function of another and applied field

b= Ba
“2u,J(B)a-r)-B’

(1.2.4)

The y-position of intersection point of two ellipses can be derived form the ellipse’ s equation as:
2
A
rn=>b 1—(—j : (1.2.5)
a

Combining (1.2.3)-(1.2.5) with (1.2.2) one can find the coil cross-section area as a function of
one unknown parameter a:

2
S= 2aB Ta-—2 a@rcco{l—ij—(a—r) 1—(1—Lj
2u,J(B)(a-r)-B a a

A minimum of the given above function corresponds to the optimum parameter a that can be
calculated from its derivative. It is simpler to find solution of the resultant transcendent equation
numerically for a given set of parameters. Assuming J«(12 T) = 2000 A/mm?, Keuse= 0.85, r = 20
mm and target field B = 12 T, one can plot the coil area as a function of a (Figure 1.2.2). The
dependence turns complex if:

a<r/2

and has an asymptote at:

a= +r.

2u,d

There is only one unambiguous minimum on the curve at a = 35.52 mm that allows to find the
rest of geometrical parameters from (1.2.3)-(1.2.5). Thusb = 14.12 mm, A =15.52 mm and r; =
12.70 mm for the minimum coil area S = 17.0 cm®. Figure 1.2.3 shows the idealized optimum
coil configuration that satisfies the given set of parameters.
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Figure 1.2.3. Idealized optimum coil configuration

It is noticeable that the physical aperture of such coil is close to an dliptical shape with aratio of
ellipse axes ry/r = 0.63. Since most of the magnets should have a circular aperture by
technological reasons, it is necessary to apply constrain for fitting a circle with radiusr inside the
aperture.

A distance from the origin to a point on the ellipse with coordinate x is determined as:
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Iy, (X) =,/x2+ y2 :\/x2 +b2(1—(x;—2A)2] _

Taking derivativeis easy to find x corresponding to a minimum ry(X):

_ bAA
Xinin = b2 _a2 .

So the constrain to be satisfied for the circle with radiusr to fit inside the coil aperture should be:
rb (Xmin) =r.

Now one can determine the minimum coil areathat satisfies this constrain. It implies solving the
system of equations:

( >
2:Tab - 2b a@rcco{é)—A 1—A— =S

a a2

N

A
2u,J(B)b——=B ) 1.2.6
HoJ(B) 2+ ( )

bA V¥ 1( b ’
bl o= ~ 2|22 8| 1=
| b -a a“(b“-a
The number of unknown variables in the system exceeds the number of equations, meaning that
there are multiple sets of variables, simultaneously satisfying the system. However, there is only

one set of variables for every aperture size, field and critical current density, corresponding to the
minimum coil area. It was found using the Levenberg-Marquardt minimization method

implemented in MathCad program package under condition S - 0.

The minimum coil area that satisfies all the conditions and constrains is S = 18.68 mm? and the
coil geometrical parameters are a = 30.3 mm, b = 23.6 mm and 4 = 10.1 mm. The coil geometry
is presented in Figure 1.2.4. Thus meeting the condition of the circular aperture requires 10 %
larger coil areawith respect to the case without the circular constrain.

It was interesting to analyze dependence of the minimum coil area and corresponding geometry
on the target field and superconductor properties for a given bore size. Since there is no smple
analytical solution for the coil parameters, it was convenient to take the considered earlier cail
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configuration with the circular aperture as the origin case and determine normalized parameters.
Minimizing the system of equations at different B and J(12 T) one obtains the minimum coil
area and relevant geometrical parameters (Figures 1.2.5-1.2.6).

SIS,

47,2

29e!
Y B
S8a 29202020 o2 !

Figure 1.2.4. Idealized optimum coil configuration with acircular aperture.
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Figure 1.2.5. Normalized coil area as afunction of the bore field.
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Figure 1.2.6. Normalized coil horizontal size as afunction of the bore field.

It is possible to see that the coil area approximately doubles for every 2 T in the field range of
10-13 T. At higher fields it increases even more rapidly. Thus, 2.2 times and 5.3 times higher
coil areas are required to obtain 14 T and 16 T fields correspondingly with respect to the origin
case, assuming the same critical current density and coil bore size. A superconductor with higher
critical current density can dramaticaly improve the magnet performance in the high field
region. For example, superconductor with J«(12 T) = 5000 A/mm? allows reaching 15 T field at
the same coil area as the origin case needs to reach 12 T field. The coil horizontal size changes
less rapidly — it approximately doubles for every 3 T. Using of superconductor with higher Jc
allows reducing of the coil size by approximately the same extent as the coil area.

One of important implications of the derived analytical expressions is the ability to precisely
evaluate the minimum coil area (and cost) for any given properties of superconducting material,
operating field and aperture size without running of complicated and time consuming numerical
simulations. It therefore gives possibility to determine scaling laws for the coil and magnet cost
and eventually optimum parameters of awhole collider.

Using the derived expressions there was performed a cost analysis and optimization of a hadron
collider, described in Appendix A and [40], [41], which allowed making important conclusions
on the optimum machine parameters.
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1.2.2 Idealized optimum quadrupole cail

Similarly to the considered dipole case, one can find an optimum quadrupole coil configuration.
Total area of the four shells produced by two intersecting ellipses (Figure 1.2.7) is:

2 2
. [a“-b
S=4ablarcsin > o |
a“+b
The field gradient from (1.1.5) equals:

b-a

, 12.7
b+ 3 (12.7)

G = “O‘J(Bmax)

where J(Bnax) 1S the current density in the conductors according to (1.2.1) at the maximum field
in the conductors Brax. Unlikely to the idealized dipole coil, the maximum field is not equal to
the bore field and therefore must be found separately.

Y

Figure 1.2.7. Naming convention for the quadrupole coil.

The absolute field value in the region of intersection equals:

b-a 7 >3
Btot(X’ y) = uO‘J(Bmax) X2 + y2 .

b+a

Thetotal field on the surface of the ellipse with horizontal half-axis a and vertical half-axis b can
be found as afunction of one parameter using the ellipse equation:
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b-a X
Btot(x) = MO‘](Bmax)m\/x2 + b2[1_¥] .

Point of the two ellipses intersection equals to:

o ab
X=Yy=—rre—nn,
y la2+b2

Now it is possible to find the maximum and minimum fields on the ellipse surface:

\ b-a [ 2
Bmax: tot(X)zqu(Bmax)m@b a2+b21

b-a
Bmin = Btot (O) = UO‘](Bmax)m[ﬂ)’

which in terms of the field gradient equals:

2
a2+b2'

B, =G, B, =G[&b (1.2.8)

It isinteresting to find the ratio between the maximum and minimum fields, which depends only
on the ellipse geometrical parameters.

B

o _ [ 2 _ [ 2
B._ a? +b? 1
min 1+ 5
keII

where kg = alb isthe ellipticity ratio (a = b). Thus for kg = 1 the elipses turn into circles and the
field ratio turns to 1. This case does not have a practical interest since at the same time the field
turns to zero. For ky; — oo the ratio turns to 22, which is not of a practical interest as well, since
the coil area goes to infinity. Therefore, for any feasible quadrupole coil geometry, ratio of the
maximum to the minimum field on the inner coil surface iswithin:

1< Emax <4/2.

min

Combining (1.2.7)-(1.2.8) into the system of equations:
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_ b-a
G= UO‘J(Bmax)m
J , (1.2.9)
B =Glab L
| max 3.2 +b2

one can determine the geometrical parameters a and b. Since the quadrupole geometry is
explicitly described by the two unknown parameters within two equations (unlikely to the dipole
coil), there is only one idealized quadrupole configuration for a given gradient and
superconductor properties. Therefore, there is no optimum quadrupole coil configuration in terms
of the coil area.

Due to complexity of the current density function, it is easier to resolve the system numerically
for agiven set of parameters. The maximum (quench) gradient of 450 T/m, coil bore radiusr = b
= 20 mm and the critical current density J,(12 T) = 2000 A/mm? were assumed as the origin
parameters. Corresponding coil geometry is presented in Figure 1.2.8 and the normalized ratios
of the coil area and parameter a are shown in Figures 1.2.9-1.2.10 for different current densities.
It is noticeable that the coil area approximately doubles for every 50 T/m in the region of 400-
500 T/m. Using of superconductor with a higher critical current density increases gradient. Thus
acritical current density J.(12 T) = 5000 A/mm? alows to reach 580 T/m at the same coil area
(and geometry) as in the origin case. Figure 1.2.11 shows the coil area and ellipticity ratio as
functions of the bore radius, for the gradient and the superconductor properties set at the origin
case values. The obtained analytical expressions for the quadrupole coil area can be used for a
collider cost optimization along with expressions for the dipole magnets.

70,66

Figure 1.2.8. Ideadlized quadrupole coil configuration.
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Figure 1.2.11. Coil areaand dlipticity ratio as afunction of the bore radius.

1.2.3 Scan of thereal coil design parameters

A set of real coil configurations with bore sizes within 30-45 mm range was analyzed in order to
determine practically achievable field quality and required tolerances on block positions. Only
two layer coils with severa blocks in the inner and outer layer were considered. The iron yoke
was anaytically ssmulated by a circular cylinder (center of the iron yoke coincides with the coil
bore center) with final inner and infinite outer radii and constant permeability, which was chosen
equal to 1000 during the multipoles minimization and 4.5 during the quench field calculations.
The number of coil blocks, number of cablesin ablock, block positioning and inclination angles,
wire dimensions, number of strands per cable and strand diameter were included in the list of
design parameters and varied during optimization process to obtain a minimum of the objective
function. In addition, three cases of the coil shape were considered — shell type coils with circular
and elliptical apertures and block type coils. In the second case, the elipticity ratio was used as
one of design parameters for optimization. The objective function comprised systematic field
multipole errors with a set of weight factors, changed at the different steps of optimization.
Ancther parameter fixed in this part of the optimization was the quench field in the coil bore
center of 12.0 T that along with a conservative safety margin of 20 % would provide close to the
optimum (Appendix A) nominal field of 10 T.

29



The critical current density in superconducting wire was assumed 2000 A/mm? at 12.0 T field
and 4.2 K temperature. Copper to non-copper ratio in the wire was chosen 0.85 that is considered
high enough for stabilization of micro-quenches and quench protection of a short model by a
dump resistor [42]. However, for a very conservative quench protection approach of a long
magnet by quench heaters one has to increase the copper to non-copper ratio in order to limit the
current density in copper fraction of a wire at about 1000 A/mm? after quench [43]. It requires
increasing of copper to non-copper ratio to about 2. In this case, reduction of the superconductor
areais supposed to be compensated by future enhancement of the critical current density.

The total number of 12 coils was optimized using ROXIE code with the absolute accuracy on the
block position of 1 um. The coil cross-sections with diagrams of field quality inside the bore and
coordinates of the coil blocks in each case are summarized in Appendix B. Table 1.2.1 shows
geometrical parameters of the optimized designs.

Table 1.2.1. Geometrical parameters of different coil designs.

Bore Barg cable N of N of Bore
. . ) Barecable| middle Strand cables/ o
Coil design| diam., . . . strands/ . ellipticity
mm width, mm| thickness, | diam., mm cable coil (b/a)
mm quadrant
30 13.865 1.067 0.6 46 32 1
circular 35 12.657 1.245 0.7 36 32 1
shell 40 12.858 1.422 0.8 32 30 1
45 12.657 1.600 0.9 28 29 1
30 13.865 1.067 0.6 46 32 1.04
elliptica 35 12.657 1.245 0.7 36 32 1.017
shell 40 12.858 1.422 0.8 32 30 1.036
45 12.657 1.600 0.9 28 29 1.02
30 13.544 1.056 0.6 44 34 00
block 35 14.364 1.232 0.7 40 30 00
oc 40 14774 | 1408 0.8 36 28 o
45 14.775 1.584 0.9 32 28 0

Blocks position and ellipticity ratio were varied in the optimization process to obtain minimum
of the objective function. Every optimized circular coil served as an initial approximation for the
eliptical coil with the same horizontal bore size. Table 1.2.2 presents systematic relative
harmonics in 10* evaluated at the reference radius of 1 cm. Shaded cells indicate unacceptably
high values, exceeding the target harmonics (SSC specification). It is noticeable that high order
harmonics are smaller in the block type coil with respect to the shell type coil that explains by a
larger than the physical aperture effective bore diameter (that determines the field) in the block
type coil. It is particularly confirmed by the fact that introduction of ellipticity into the shell type
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coil (increasing the effective aperture) provides a noticeable reduction of the high order
harmonics. For example, by; in a block type coil with the bore size Dy, is close to the same
multipole in the shell type coil with the bore size D, + 5 mm, which means the effective aperture
of the block type coil isby ~5 mm larger than its physical aperture.

For the same reason, the larger effective bore diameter decreases efficiency of the block type
coil, resulting in larger coil area for generation of the same field within the same physical
aperture as in the shell type coil and consequently larger inductance and stored energy.

Table 1.2.2. Systematic relative multipolesin different coil designs.

Coil Bore Relative multipoles, 10

design |[diameter, mm b3 bs b; b b1,
30 0.0111 0.2481 1.2453 -2.2034 2.6288
circular 35 -0.0006 0.0307 0.0699 -0.1990 0.7371
shell 40 0.0004 0.0129 0.0349 -0.1134 0.2021
45 0.0003 -0.0024 0.0020 -0.0002 0.0751
30 0.0000 -0.0004 0.0053 -0.0862 2.0715
eliptical 35 -0.0003 0.0118 0.0571 0.0023 0.6683
shell 40 0.0000 -0.0016 0.0008 -0.0048 0.1626
45 0.0001 -0.0008 -0.0010 0.0013 0.0702
30 0.0007 0.0021 0.0007 0.0005 0.9394
block 35 -0.0004 0.0024 0.0030 -0.0008 0.2491
40 -0.0003 -0.0003 -0.0012 0.0032 0.0751
45 -0.0011 0.0048 0.0072 -0.0734 0.0166

Target 0.0076 0.018 0.040 0.089 0.19

Along with the systematic field harmonics, random field multipoles depending on the coil
manufacturing tolerances were taken into account. The eliptical coil, being a transient case
between circular and block type coil in terms of the field quality was excluded from the analysis.
The random displacements in the shell type coil were applied for the azimuthal and radial block
position, when for the block type coil they were applied for the horizontal and vertical block
position. The standard harmonic deviations were derived from 500 cases of randomly positioned
(within specified limits) blocks according to:

_ ISy a2
0_\/E§(Xi X)°,

where n is the number of cases, X; is the random value and X is the mean value of a multipole.

Tables 1.2.3-1.2.4 summarize the standard deviations of the multipoles due to +/-50 um random
block displacement from the nominal positions and the target values (SSC specification).
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Table 1.2.3. Standard deviations of the normal multipoles.

Coil | Borediam., Standard deviation, 10

des agn mm bz b3 b4 b5 b6 b7 bg b9
30 1.87 1.26 0.75 0.33 0.11 0.21 0.11 0.11
el 35 1.40 0.81 0.43 0.15 0.06 0.08 0.03 0.02
40 1.19 0.64 0.28 0.08 0.03 0.04 0.01 0.01
45 0.82 0.39 0.18 0.05 0.01 0.01 0.01 0.00
30 1.98 0.87 0.30 0.15 0.09 0.07 0.05 0.04
block 35 1.63 0.64 0.19 0.08 0.04 0.03 0.02 0.01
40 1.33 0.46 0.12 0.05 0.02 0.01 0.01 0.00
45 1.10 0.37 0.09 0.03 0.01 0.01 0.00 0.00

Target 0.7 2 0.3 0.7 0.1 0.2 0.2 0.1

Table 1.2.4. Standard deviations of the skew multipoles.

Coil | Borediam., Standard deviation, 10

design mm a az ay as as ay ag ag
30 0.96 0.81 0.57 0.53 0.38 0.11 0.07 0.06
el 35 0.69 0.55 0.34 0.27 0.16 0.03 0.02 0.01
40 0.6 0.39 0.24 0.16 0.08 0.01 0.01 0.00
45 0.43 0.24 0.12 0.08 0.04 0.01 0.00 0.00
30 0.73 0.76 0.51 0.3 0.15 0.08 0.04 0.02
block 35 0.57 0.54 0.32 0.16 0.07 0.03 0.01 0.01
40 0.48 0.4 0.21 0.09 0.04 0.01 0.00 0.00
45 0.39 0.28 0.14 0.06 0.02 0.01 0.00 0.00
Target 0.7 0.6 0.7 0.2 0.2 0.03 0.2 0.05

One can see that none of the considered designs meets the target parameters, which means the
assumed tolerance on block positions was too large. In order to determine what tolerance would
allow meeting the target parameters, the block type coil design with 30 mm bore diameter was
analyzed at several different tolerances (Tables 1.2.5-1.2.6). The results show that the standard
deviations are directly proportional to the values of tolerances used during analysis. This fact can
be used to scale tolerances for different coil bore sizes and shapes, which meet specified values
of the standard deviation. Since the first alowed harmonic - quadrupole b, has a largest off-
target value, it was used as a criterion for acceptable tolerance. Figure 1.2.12 shows derived
tolerances on the block positions as functions of the bore diameter for the shell and block type
coils. The shell type coil requires approximately 5% |ess stringent tolerances than the block type
coil in the 30-40 mm range of bore sizes. A bigger difference at the bore diameter of 45 mm is
explained by one additional block per coil quadrant in the shell type design. Apart from that, the
block positioning accuracy depends on the bore diameter in nearly similar way for both coil
types. Thus, coil blocks must be positioned with better than +/-20 um accuracy for the coil bore
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diameter of 30 mm that can be achieved by constraining of every block in a rigid, precisely
manufactured (stamped) mechanical structure. A traditional way of the coil manufacturing
involves “floating” spacers between the blocks and consequently 1.5-2 times larger deviations,
which are suitable for the coils with bigger than 50 mm bore. Table 1.2.7 presents parameters of
magnets based on the optimized coils.

Table 1.2.5. Standard deviations of the normal multipoles.

Tolerance, Standard deviation, 10™
pm bz b3 b4 b5 be b7 bg bg
50 1.98 0.87 0.3 0.15 0.09 0.07 0.05 0.04
25 099 | 044 | 015 | 007 | 0046 | 0035 | 0024 | 0018
10 0.29 0.13 0.05 0.03 0.018 0.013 0.009 0.007

Table 1.2.6. Standard deviations of the skew multipoles.

Tolerance, Standard deviation, 10™
pm ) a3 a4 a5 3 a7 dg dg
50 0.73 0.76 0.51 0.3 0.15 0.08 0.04 0.02
25 0.36 0.38 0.25 0.15 0.08 0.04 0.02 0.01
10 0.14 0.13 0.083 0.048 0.026 0.014 0.008 0.004

50.0 - o
45.0
40.0 - S
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30.0 -
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20.0
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I
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Figure 1.2.12. Tolerance on the blocks positioning versus the bore diameter.
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Table 1.2.7. Magnet parameters.
Peak Forced/1 coil

Coil d?:%e Quench | field/ | Current, |Induct.,| Stored | quadrant Yoke C;(r)nd.
design| “ | field, T | bore | kA | mH/m| energy | R, | F, |IR,mm| 753
field MN/m | MN/m

30 1196 | 1.040 | 12.93 | 230 |192.26| 2.06 | -0.99 52 116.65
35 1197 | 1.044 | 1359 | 2.38 |219.78| 2.25 | -1.08 52 | 17.73

shell ™40 [ 1197 | 1.050 | 1555 | 2.09 |25268| 245 | -118 | 55 | 19.30
________ AS [ 1195 ) 1055 ) 17.09 | 1.98 1289.15] 265 | -128 | 57 | 20.66

30 [ 1197 [1016 | 1303 | 248 [21053] 225 | -1.04 | 54 [16.92
block 35| 11905 [ 1019 | 1609 | 105 |25242[ 249 | -112 | 57 [1847

40 11.95 | 1.022 | 18.77 | 1.72 [302.99| 2.74 | -1.24 61 |20.27
45 1204 | 1.036 | 20.08 | 1.76 |354.82| 3.02 | -1.32 63 |22.80

The maximum field dlightly varies among these designs due to the geometry discretization (+/-
one cable per coil quadrant or two strands per cable), so to make a correct efficiency comparison
it was necessary to bring them to one field. Due to a high cable compaction in the inner layers of
all the designs and a large effect of the inner layer to the harmonics, it looked only feasible to
adjust number of conductors in the outer layer. It was numerically determined that an addition of
one conductor to the outer layer increases the maximum field by ~ 0.1 T, which made it possible
to bring al the designs to one field by changing number of conductorsin the outer layer.

Figure 1.2.13 shows the coil area adjusted for 12 T bore field as a function of bore diameter. As
expected, the block type coil design has higher conductor area than the shell type. The difference
is relatively small at the bore diameter of 30 mm (1.4 %), but increases up to 7.5 % at the bore
diameter of 45 mm.

Figure 1.2.14 presents stored energy and Figures 1.2.15-1.2.16 show horizontal and vertical force
components as functions of the bore diameter at 12 T field. Thus, the difference between the two
designs in stored energy increases from 9 % to 20 % and the difference in horizontal forces
increases from 9 % to 12 % correspondingly for the bore sizes range from 30 mm to 45 mm. The
differencein vertical forceis smaller and virtually does not depend on the bore size.
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Figure 1.2.14. Stored energy as afunction of bore diameter.
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Figure 1.2.16. Vertical forcesin | coil quadrant as a function of bore diameter.
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1.3 Coil optimization for VLHC

The data described in the previous paragraph provided enough information about the coil bore
size needed for satisfaction of the preliminary field quality criteria. It alowed fixing of the coil
bore size and performing a final coil optimization. The superconductor properties were chosen
the same as during the study of coil bore size. However, peculiarities of manufacturing the shell
and block type magnets imposed using of different coil design approaches.

1.3.1 Shell typedipole cail

A small bending radius of the pole turn in the shell type coils required using of a so-called “wind
and react technique” [42], [44]. According to this technique the NbsSn cable gets wound into the
proper coil shape first and reacted at high temperature (650 C during 2-3 weeks) afterwards for
the chemical reaction, turning mixture of niobium and tin into A15 intermetallic composition, to
occur. The cable becomes brittle after reaction making it difficult to impossible to perform any
mechanical operations. It requires that all the necessary technological procedures, like cable
insulation, to be done before reaction. The high reaction temperature does not alow any of the
widely used in NbTi coils organic insulations. Fortunately during R&D at Fermilab, there was
found an acceptable inorganic insulation [45], which could withstand both high reaction
temperatures and considerable mechanical stresses. It consists of ceramic tape that can be used in
regular insulating machines and ceramic binder, applied after the coil winding (before reaction),
which increases the insulation mechanical and electrical strength. The total insulation depends on
the tape thickness, percentage of overlap, amount of the binder and applied pressure. It was
chosen 0.25 mm per side of the cable [46]. The coil bore size was fixed at 43.5 mm that satisfies
the random multipole specifications with the tolerance on block position of 35-40 um. The cable
dimensions and number of turns were optimized to have a minimum inductance, while keeping
the quench current close to the upper edge of the available current supply (25 kA).

Cross-section of the shell type coil optimized by ROXIE code is presented in Figure 1.3.1 along
with the field quality (non-uniformity AB/B) diagram. Tables 1.3.1-1.3.3 show the relative
systematic harmonics and geometrical parameters of the coil. It was possible to increase the
strand diameter by 15 % with respect to the above cases, while keeping the field quality within
specification. It resulted in a smaller number of turns and a substantially smaller inductance. The
coil geometry was optimized in assumption of acircular yoke with the inner radius of 60 mm and
constant magnetic permeability of 1000, which was a correct assumption at low field. The non-
linear magnetization effects will be considered in chapters on the finite-element analysis.
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Figure 1.3.1. Optimized shell type coil cross-section with the field quality diagram.

1.3.2 Block type dipole coil

The plain rectangular geometry of the block type coils makes it well suited for the common-coil
configurations that simplifies the coil design and manufacturing with respect to complicated
gpatial shape of the shell type coils. Another advantage of the common-coil is by factor of ~10
larger minimum bending radius of the cable than in the shell type coil that makes it possible to
implement a so-called “react and wind” manufacturing technigue. According to this technique, a
bare cable is reacted on a spool of large radius (comparable with the bending radius), then
insulated and wound into the coils. Obviously all the operations with the reacted cable have to be
done with an utter care to avoid a large critical current degradation. There was found a straight
correlation between the strand diameter and a minimum bending radius for a fixed bending
degradation. Thus the strand and cable tests conducted at Fermilab determined the optimum
strand diameter of 0.7 mm for the minimum bending radius of the Rutherford type cable of 90
mm [47]. These constrains were used as a starting point for the coil optimization.

Keeping of the large cable bending radius made it difficult to implement the auxiliary turns
above/below the aperture (similar to ones shown in the coil design study) in order to create the
necessary spatial current distribution. It would require bending them in the horizontal plane that
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would not be acceptable due to the small bending radius or to bend them both ways in the
vertical plane, as proposed in [48] that would considerably increase the magnet dimensions.

Along with the goal of minimizing the coil inductance, these considerations had led to the idea of
asingle-layer coil without the auxiliary turns [49]. Keeping the bore field at the same level asin
the two-layer design requires increasing the cable width and therefore aspect ratio by ~ 40 %.
However, the plane racetrack coil geometry can adopt such cables without running into the cable
stability problems. Maximum cable width in this case is limited only by the capability of the
available cabling machine.

The required current distribution was created by a small horizontal shift towards vertical axisin
the outer coil blocks. Figure 1.3.2 shows coil cross-section optimized using ROXIE code along
with the field quality diagram. Tables 1.3.1-1.3.3 present systematic and random (+/-50 pm
displacement) field harmonics and coil geometrical parameters.

Rel. field errors (x10E-5)

0 2 4 6 8 10 12 14 16 18 20

Figure 1.3.2. Optimized block type coil cross-section with the field quality diagram.

Table 1.3.1. Cable parametersin the shell and block type designs.

Bare cable Strand Cablin
Coil design | Width, [Midthickness,| diameter, J N strands
angle, deg.
mm mm mm
shell 14.232 1.800 1.012 14.5 28
block 21.095 1.245 0.700 14.5 60
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Table 1.3.2. Systematic and random harmonics, 10™.

N Shell Block
bn mMaXx(an, Tbn) b MaXx(Tan, Obn)
2 - 1.20 - 1.04
3 0.000 0.56 -0.002 0.36
4 - 0.28 - 0.14
5 0.000 0.10 0.000 0.05
6 - 0.05 - 0.02
7 -0.000 0.02 0.014 0.01
8 - 0.01 - 0.00
9 -0.091 0.00 -0.048 0.00
10 - 0.00 - 0.00
11 0.099 0.00 0.001 0.00

Table 1.3.3. Magnet design parameters.

Cail type

Parameter Shell Block
Physical aperture, mm 43.5 40.0
Geometrical aperture, mm 435 55.1
Number of turns 48 56
Maximum field, T 12.01 10.82
Maximum current, KA 21.52 24.18
Transfer function, T/kA 0.558 0.447
Inductance, mH/m 1.33 1.43
Maximum stored energy, kJ/m 308.9 419.2
Maximum force per Fx, MH/M 2.77 2.93
| coil quadrant Fy, MH/m -1.27 -1.34
Y oke inner radius, mm 60.0 100.0
Conductor cross-section area, cm® 22.33 26.71

The geometrical field multiplies are within specification in spite there are only three block per
coil quadrant. The cable utilized 60 strands, which was the upper limit of the cabling machine
(available from LBNL). The circular iron yoke used in this optimization had the inner radius of
100 mm and constant permeability of 1000. However, the mechanical anaysis [47] shown a
necessity of flat iron yoke surface, that required relevant coil re-optimization. It is presented in

chapter on the finite element analysis.

1.4 Minimum inductance dipole coils

The above coil optimization was constrained by limitation of the maximum current 25 kA at the
test facility. It imposed the number of conductors that generates the required field and therefore
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the coil inductance, which for the chosen coil bore size and field was within 1.5-2.5 pH/m. This
inductance was determined to be safe enough for the quench protection of ~15 m long magnet
[50]. However the tends to increase a collider circumference and to minimize a number of active
elements in the system make it necessary to use a maximum possible length of the dipole
magnets, suitable for manufacturing, transportation and installation procedures.

Taking into account a considerable and developing success in high temperature superconducting
current leads [51] and compact, high current power converters [52], limitation of the maximum
magnet current at 20-30 kA vanishes in a long term of the collider development. This alows
minimization of the coil inductance by decreasing the number of turns. Obviously, there should
be a coil configuration with a minimum number of turns, based on the cable with constant area
and shape, which generates field of the required quality and strength.

It was made a continuous iterative minimization of the number of turns with help of ROXIE
code. Figure 1.4.1 presents cross-sections of the shell and block type coils that have minimum
possible number of turns, based on the Rutherford type cable yet. Table 1.4.1 summarizes
systematic and random field multipoles (+/-50 um random cabl e displacement) for the optimized
coils, which exceed the field quality requirements.

The upper coil block has only one cable in the Design I, which is the minimum element of the
coil discretization. Attempts to remove one cable from any of the three blocks would violate
badly the necessary spatial current distribution, which therefore allows considering this design as
acoil with the minimum number of turns or the minimum inductance coil.

Rel. field errors (x10E-5) Rel. field errors (x10E-5)

0 24 6 8 1012 14 16 18 20

0 24 6 8 10 12 14 16 18 20

Figure 1.4.1. Minimum inductance coils (Design | —left, Design 11 - right).
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Table1.4.1. Systematic and random field multipoles, 10™.

N Design | Design |1
bn mMaXx(an, Tbn) b mMaX(an, Ohn)

2 - 1.02 - 1.07
3 -0.0001 0.47 0.0005 0.49
4 - 0.22 - 0.19
5 0.0011 0.10 0.0003 0.08
6 - 0.04 - 0.03
7 0.0019 0.02 0.0005 0.01
8 - 0.01 - 0.00
9 -0.0035 0.00 0.0008 0.00
10 - 0.00 - 0.00
11 -0.0219 0.00 -0.0013 0.00

The number of turnsis not so strictly fixed in the Design 11 coil, which approximates geometry
of two intersecting ellipses. Nevertheless, five cables per coil quadrant are required to achieve
the necessary field quality, while the cable <till has a reasonable thickness. In addition,
accommodation of thick cables required aigning them on elliptical cylinder in Design | coil.

The minimum number of turns in both designs makes it attractive to wind such coils into a
mechanical structure (similar to those used in the stators of electrica motors). This forced
implementation of rectangular cables in both designs for simplification of the winding
technology. The collar structures and winding considerations for such coils are described in [53].

Parameters of the Rutherford type cables used in the Design | and Il coils are summarized in
Table 1.4.2. Both cables have small aspect ratio that ensures a good cable mechanical stability.
However, the cables are based on quite large strands 2-3.5 mm in diameter that is by factor of 2-3
larger than those currently used in NbsSn cables. Consequently, such cables would have rather
high mechanical rigidity that may create some problems during coil winding. In addition, in case
of the react and wind technique, suitable for the Design Il cail, the large strand diameter would
require a significantly larger bending radius than in the developed common-coil. In order to
avoid these problems, a multistage cable with sub-strands shown in Figure 1.4.2 can be used.
Those allow decreasing the sub-strand diameter to a level of 0.45-0.7 mm, comfortable for the
strand production.

Table 1.4.2. Cable parameters.

Bare cable Strand Cablin
Coil design | Width, [Midthickness,| diameter, J N strands
angle, deg.
mm mm mm
Design | 26.717 3.942 2.200 14.5 24
Design |1 20.233 5.935 3.350 14.5 12
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Figure 1.4.2. Examples of combined strand structures made of copper and Nb3;Sn strands.

Combination of the NbzSn strands having minimum copper to non-copper ratio, necessary for the
strand production and cryogenic stabilization with pure copper strands, allows achieving the
copper to non-copper ratio in the final strand, required for the quench protection at alower strand
cost [53]. Table 1.4.3 presents the magor magnet parameters. Those were calculated at 11 T bore
field with around inner surface of the iron yoke and low constant iron permeability pu~5 chosen
such to represent the yoke saturation.

Table 1.4.3. Magnet parameters.

Parameter Unit | Designl | Designll

Physical aperture mm 45.0 45.0
Geometrical aperture mm 45.0 50.0
Number of turns 12 10
Maximum field T 11.79 11.84
Maximum current kA 87.203 99.297
Transfer function T/IKA 0.1352 0.1192
Inductance mH/m 0.076 0.057
M aximum stored energy kJm 289.0 281.0
Maximum force per Fy | MN/m 3.01 3.03

| coil quadrant Fy | MN/m -1.23 -1.28
Yoke inner radius mm 60 55
Conductor cross-sectionarea | cm? 22.61 22.84

Minimum distance of 8 mm between the outer coil and the inner yoke surfaces was the same as
in the two-layer shell-type dipole model. The quench field was calculated for J.(12 T, 4.2 K) =
2000 A/mm? and copper to non-copper ratio of 0.85. Both designs have nearly the same physical
apertures, coil areas and quench fields. The coils can be accommodated inside “cold” or “warm”
iron yokes in case of the horizontal bore arrangement and in the common-coil configuration with
“cold/warm” iron yoke in case of the vertical bore arrangement [54]. A minimum number of
turns in both designs leads to low transfer functions and high current, which is nevertheless
smaller than 100 KA —anominal current of the first stage VLHC magnets [10]. However, due to
small number of turns the magnets have exceptionally low inductance per unit of length, whichis
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by factor of ~20 smaller than in any other high field dipole magnet. It allows increasing the
magnet length well above the currently used limit of 15-20 m that reduces manufacturing
expenses and improves the collider reliability.

1.5 Shell type quadrupole coil

The arc quadrupole magnets usually comprise a small part of the collider magnets that makes
implementation of the main dipole cable in quadrupole coils economically reasonable at the same
bore size [8]. Based on this consideration, the quadrupole coil bore diameter was fixed at 43.5
mm and the cable choice was similar to the one used in the shell type dipole coil. Thick collars
were used in order to provide the radial coil prestress and constrain electromagnetic forces,
unlikely to the dipole magnets, where prestress was provided by the outer skin. It was determined
that a 20 mm thick stainless steel collar serves this purpose well [55]. Geometrical field
multipoles have been optimized using ROXIE code in assumption of constant yoke permeability
of 1000. Figure 1.5.1 shows the coil geometry after optimization and Tables 1.5.1-1.5.2
summarize the systematic and random (+/-50 um random blocks displacement) field multipoles
and coil parameters.
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Figure 1.5.1. Quadrupole coil cross-section with the field quality plot.



The maximum field gradient achievable in presented configuration is 438 T/m at a current of
29.5 kA that is by factor of 1.3 larger than in the shell type dipole magnet. It requires a separate
powering of the quadrupole magnets. The systematic field multipoles are within specification,
while the random multipoles are twice higher than in the shell type dipole.

However, they were normalized by the amplitude of the main (quadrupole) field component, and
have to be adjusted for the dipole field level to make a correct comparison. The maximum
amplitude of the quadrupole component is4.4 T at 1 cm radius, which occurs at the maximum
dipole field of 12 T. Therefore the quadrupole harmonics must be normalized by a factor of
12/4.4 = 2.7, which brings them down to the level of the dipole harmonics. It is quite explicable
since both magnets have the same coil aperture and close number of turns. The coil inductanceis
twice smaller than in the shell type dipole due to a negative coupling between half of the turns,
while the stored energy is about the same. The quadrupole magnet parameters, based on the
considered coils are described in [56].

Table 1.5.1. Systematic and random multipoles.

b, MaX(Oan, Obn)
- 7.48
- 1.82
- 0.83
- 0.38
0.19
- 0.07
- 0.03
0.01
0.00

Slo|o|N|o|a|h|w|k| S

-0.0039

Table 1.5.2. Magnet design parameters.

Parameter Unit Vaue
Physical aperture mm 43.5
Geometrical aperture mm 43.5
Number of turns 52
Maximum gradient T/m 438.0
Maximum current kA 29.51
Transfer function T/m/kA 14.842
Inductance mH/m 0.567
Maximum stored energy kJm 246.8
Maximum forces per Fx MN/m 1.24

| coil octant Fy MN/m -1.56
Y oke inner radius mm 72
Conductor cross-section area cm? 24.19
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1.6 Summary

The results obtained during study and optimization of the coil design parameters can be
summarized as follows:

The idealized optimum coil configurations has been found for a set of parameters, close to

the requirements being considered for the high field option of 100 TeV collider. The coil area

drastically increases with the bore field for a fixed superconductor critical current density.

However, using of superconductor with increased critical current density can improve the

situation. Derived expressions give possibility of anaytical scaling the coil area for any

operating field, bore size and superconductor properties.

Study of various coil designs made it possible to determine limitations of coil bore size and

tolerances on block positioning:

- the coil bore size, which satisfies a reasonable criteria of systematic field errors must be
higher than 40 mm for both shell and block type designs;

- thetarget of the random field errors dictates tolerance on the coil blocks positioning to be
better than 30 um and 25 um for the shell and block type designs respectively with 40
mm bore that may look too stringent for the available production technology. It sets
another limitation on the coil bore size at about 45 mm, unless a precise manufacturing
technology is devel oped;

- the block type magnets yield efficiency to the shell type magnets at the same aperture
size, field and superconductor properties. The reason is in essentialy better
approximation of the necessary spatial current distribution by the shell type coils rather
than by the block type coils.

There was developed the two-layer shell type coil with 43.5 mm bore, used for the

construction of the single bore dipole magnets at Fermilab. It was demonstrated that 6 block

per coil quadrant make it possible to achieve the target specification on geometrical field
quality. Reduced coil volume, stored energy and inductance with respect to existing shell
type designs (LHC dipole).

There was developed the single-layer block type design, which can be used in the common-

coil configuration. It was demonstrated that the field of required quality and strength can be

achieved with only three blocks per coil quadrant. A small, horizontal shift of the outer
blocks is used for the necessary field tuning. It eliminates the auxiliary turns in the coil
aperture that essentially simplifies design and production technology.

There were proposed designs of the minimum inductance coils based on the Rutherford type

cable. It was shown that 12 turns in the shell type coil and 10 turns in the block type coil are

necessary and enough for generation the field of required strength and quality. It imposes the
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minimum inductance, which is by factor of ~25 smaller than in existing shell and block type
magnets with the same field level and aperture size. Exceptionally low inductance allows a
cardina improvement of the coils mechanical structures and removes limitations on the
maximum magnet length. Considered combination of the NbgSn and copper sub-strands
reduces the conductor cost by 15-20 %.

There was developed shell type quadrupole coil with the same bore size and cable as for the
shell type dipole coil. It was shown that the necessary gradient and field quality can be
reached in the two-layer configuration with three blocks per octant.
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CHAPTER 2. STUDY OF THE YOKE DESIGN PARAMETERS

2.1 Introduction

Cails in al of the accelerator magnets, operating of being building at present time for large
accelerators, were made from NDTi superconductor. It allows reaching the maximum field in
dipole magnets of about 10 T at 1.9 K [8]. However, due to the practical and economical reasons,
operating field in the NbTi magnets was chosen well below this limit. Table 2.1.1 presents
parameters of the main dipole and quadrupole magnets in these machines.

Table 2.1.1. Parameters of superconducting dipole and quadrupol e magnets.

Laboratory FNAL DESY | IHEP | SSCL | BNL | CERN
Machine Tevatron | HERA | UNK | SSC RHIC | LHC
Circumference, km 6.3 6.3 21 87 3.8 27
Particle type PP ep pp pp ions/pp PP
Energy/proton beam, TeV 0.9 0.82 3 20 0.5 7
Operating temperature, K 4.6 4.5 4.6 4.35 4.6 19
Arc dipole magnets
Nomina field, T 4.4 4.68 5.1 6.79 3.46 8.36
Cail bore diameter, mm 76.2 75 80 50 80 56
Magnetic length, m 6.1 8.8 5.8 15 9.7 14.2
Quantity 774 416 2168 | 7944 264 1232
Arc quadrupole magnets

Nominal gradient, T/m 75.8 91.2 96.1 194 71.8 223
Aperture, mm 88.9 75 80 50 80 56
Magnetic length, m 17 1.9 3.0 5.7 1.1 3.1
Quantity 216 256 322 1696 276 386

The first superconducting accelerator built, Tevatron has still the most compact magnets. The
iron yoke is at the room temperature that allows a very compact cryostat but makes the field
quality sensitive to the location of the “cold” coil within the “warm” iron yoke. In case of
misalignment, the field quality deteriorates as well as eccentricity forces between coil and yoke
create stresses in the coil support structure. The self-centering coil support system utilizing
spring-loaded bolts was implemented in order to provide the nominal coil position. Many
features of the Tevatron set the style for those to follow, particularly using of precision punching
techniques to produce collar laminations. Collars of aternating pattern, fitted around the coil are
pressed to a precise dimension using a hydraulic press and then welded together. Thus, it is
possible to benefit from the economies of mass production, while retaining precision of the
punching process [5].



Aluminum alloy collars are used in HERA magnets, giving a better match to the transverse
contraction of the coils. The iron is placed immediately around the collars at low temperature
providing precise centering of the coil. Being closer to the coail, the iron contributes more to field
level, however its saturation causes deterioration of the field quality. The cold mass is more
rigid, requiring fewer supports from room temperature, but the cryostat is bigger and heavier [6].

Similar in many aspects to HERA, SSC used “cold” iron and stainless steel collars, however
larger field and thus electromagnetic forced during excitation required strong iron participation
in support of the forces. The design was based on slim collars that are elastically deformed by the
pre-compressed coil but forced into the design shape by very rigid iron yoke. In this type of
design, the interface between the collar and yoke is very critical and particular attention has to be
paid to the different thermal shrinkage of the coil, stainless steel collar and iron yoke[9].

Perhaps the simplest and most economical design so far, RHIC dipole uses a single-layer cail.
Despite this smplification, the field quality is at least as good as in HERA and better than in
Tevatron. The iron yoke is used as the force-supporting collar being separated from the coil by a
precision molded phenolic spacer, which also serves as an excellent electrical insulator. The
disadvantage of unfavorable differential thermal shrinkage and loss of prestress during cooling
down remains but creates no problem for moderate field levelsin RHIC [7].

Since it is intended to reach the highest possible energy in the existing tunnel, magnets for LHC
must achieve high fields. After an initial assessment of NbsSn, it was decided that NbTi cooled
to 1.9 K provides a more economical and reliable solution. Cooling NbTi from 4.2 K to 1.9 K
offers an extra 3 T field a the same reference current density. To minimize cost and space
required in the tunnel, the magnets use an elegant “two in one” design. As disadvantage, non-
linear magnetic coupling between the two coils causes unallowed by dipole symmetry even
multipole terms, providing an extra load to the active correcting system [8]. It complicates
magnet design and requires precise numerical simulation and optimization for providing the
necessary field quality.

Methods of magnetic field simulation described in previous chapter are suitable for magnetic
systems with linear properties and simple geometry. They are convenient to use at an initial step
of a magnet design, when fast estimation is required. In reality superconducting magnet systems
contain materials with non-linear magnetic properties and have complicated shape, which cannot
be precisely described by an exact anaytical expression. Simulation of magnetic field within
such systems requires implementation of numerical methods. Within a large variety of
algorithms used for numerical field simulations there are two major branches: differential and
integral methods.
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2.1.1 Solution of non-linear magnetostatic problems

The magnetostatic field can be explicitly described by the Maxwell differential equations [57]:
curlH =J (2.1.1)
divB=0 (2.1.2)
together with the constitutive magnetic media properties:
B=pH. (2.1.3)

Magnetic field analysis is usually based on the vector potential formulation. The equation to be
solved for the static magnetic field is derived by combination:

A=18=tcura
Hoou
from definition of the vector potential:
B =curlA
and (2.1.3) in (2.1.1):
1 N T
curl(— curIAj =J. (2.1.4)
U

In two-dimensional case the differential equation (2.1.4) transforms into the equation with
respect to one longitudinal component of vector potential:

curl ridi—]’idﬁ :JZ
udy “podx

that can be solved using the finite-element (FEM) method. This approach used in many FEM
codes, like POISSON [58], OPERA2D/PE2D [59] and ANSY S2D [60], provides reliable results
and moderate computation time.

Another possibility isbased on the scalar potential formulation. Within the non-current regions:

curlH =0

and therefore the field can be described as the gradient of a scalar potential function U:
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H =-grad(U). (2.1.5)
Substituting (2.1.5) and (2.1.3) in (2.1.2) one can write:

div(u(gradu))=0

div{u(fd—u + ]d—UH =0.
dx dy

The differential equation can be solved by the FEM method, but only applicable to the system
driven by permanent magnets or by boundary conditions. It is explicitly described in [61]. Dueto
this restriction, it has a limited implementation in numerical codes, however some of them like
OPERAZ2D offer the scalar potential formulation as an extra option.

or in the two-dimensional case:

Limitation of the scalar potential formulation can be overcome if to define afunction Tas
curlT =J. (2.1.6)
Then:
curlH —curlT =curl(H -T) =0
and therefore areduced scalar potential function U, can be introduced as [62]:
H-T=-grad(U,). (2.1.7)

The expression (2.1.7) automatically satisfies the first Maxwell equation (2.1.1) and only the
second equation (2.1.2) remains to be solved. Taking into account (2.1.2)-(2.1.3) it can be written
in the form:

div(u(T - gradU,)))=0
or:
div(u Cgrad(U, )) = div(uT), (2.1.8)

which is the generalized Laplace-Poisson equation. There are several options for the choice of
function T, satisfying its definition. The most straightforward way is to define H s according to
the Biot-Savart low:
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- 1 (JQxR
H.(P)=— |—~~__dV._, 2.19

where V. is the current-carrying volume, P is the field observation point, Q is the source point

and R isthe vector pointing from Q to P. Obvioudly:

curlH, =J (2.1.10)

that satisfies (2.1.6) and therefore H sisthe valid choice for T.1n highly permeable media the
magnitude of H is often much less than that of HS, which leads to high cancellation errors

when using I:|S asT in (2.1.7). Also, the space variations of H and I:|S will be quite different

if the one is represented using derivatives of a finite-element form function (low-order
polynomial) and the other one using the direct analytical evauation (2.1.9), which results in
magnification of computational errors.

These difficulties can be avoided if there are no currents flowing in the magnetic materias. The
regions with zero current density can be represented using the total magnetic scalar potential U
(2.1.5). By combination the total and reduced scalar potential, the cancellation difficulties
disappear [61]. Such agorithm isimplemented in the Vector Fields code OPERA3D/TOSCA for
simulation of spatial magnetic fields [59]. Its minimal combination consists of using the reduced
potential only inside volumes where the currents flow and the total potentia everywhere else.
This has a practical limitation since the reduced potential volume may have a complicated shape
and cutting surfaces would have to be specified in the total potential space to maintain a single-
valued potential. On the other hand, the scalar potential formulation of the spatial magnetostatic
fields offers the most economic description in terms of unknown functions. Also the current
carrying regions in this formulation do not have to be modeled by finite elements that
significantly simplifies building of the finite-element model and extremely helpful in 3D
simulations.

One should notice that using of HS as Tis not the only possibility. For example, T can be

defined as vector normal to a shell of arbitrary shape spanned by a current [63], [64]. This
approach is used in KOMPOT package of 3D magnetostatic field smulations [65]. Some useful
options concerning the finite-element implementation can be found in [66]-[68].

The total vector potential formulation described above has disadvantage with respect to the
reduced scalar potential since shape of the current regions has to be exactly modeled by the finite
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elements. If this is not the case, precison of the calculations becomes very low. This

disadvantage can be avoided by introduction a reduced vector potential A, as.
B=u,H, +curlA, (2.1.11)

where I:lS is the Biot-Savart field defined by (2.1.9) [71]. Obviously pol:ls is magnetic field

due to currents in a free space and Curl,&r is the field resulting from the presence of iron. The

choice (2.1.11) automatically satisfies the second Maxwell equation (2.1.2) since the divergence
of current-generated field is zero. Then only the first equation remains to be solved. Taking into
account (2.1.3) and (2.1.10):

curl(icurl(,&r )j = curl{ﬁsil—ﬁ]}.
u u

This second order partial differential equation is similar to (2.1.4), however the right side does
not contain current density and therefore an exact modeling of conductors shape by finite
elements is not required. Similarly to the reduced scalar potential method, the calculation
accuracy is lower with respect to the total potential formulation. This approach is used in ROXIE
FEM module for the field simulations and yoke design of LHC magnets[71].

Although the finite element method is most commonly used, it is not the only method of solving
thefield differential equations. For instance, there are various publications on the method of final
differences to solve the scalar and vector potential formulated problems [68]-[70].

Function T in the generaized Laplace-Poisson equation (2.1.8) can be also defined using the
integrated magnetic material properties — magnetization M as

Then the reduced scalar potential can be derived by integration the equation (2.1.8) over the
magnetic volumes V[ 73]:

1 MR
J

= —dV,
4, | RP

r m-

It is clear that neither the potential U, nor the magnetization M is known at this stage.
Combining this equation with (2.1.7) and known material properties M (H) one can derive the
field strength as:
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A(P) = HL(P) =

where H < (P) isthe field from conductors defined by the Biot-Savart low (2.1.9), P is the field
observation point, Q is the source point and R isthe vector pointing from Q to P.

This method was first adopted in GFUN code and later in DIAMOND and other codes, which
were successfully used in several laboratories [74]-[77]. The codes use a piece-wise constant

magnetization. Therefore, discontinuities of M on the element boundaries can cause problems
by allowing some non-physical solutions and making difficult accurate calculations inside the
iron. Another disadvantage is that the number of unknowns is by factor of three higher than for
the scalar potential formulation, requiring significantly larger computing resources.

Due to these reasons, the method of integral equations did not find a wide implementation in the
field analysis of electromagnetic devices, while the differential methods are commonly used.
However, in some specific applications, especially containing small iron and large conductor
volumes, at uniform field in the iron and for simulation of spatial fields far from the sources, the
method of integral equations can give certain advantages with respect to the finite-element
method.

2.1.2 Theiron saturation effect and its correction

At relatively small field levels in the conductor-dominated magnets, the iron can be considered
as amaterial with linear magnetic properties. It means the iron contribution into the central field
grows proportionally with the coil contribution. With a good power of accuracy the iron
magnetization can be represented as a function of field, containing two parts: with a constant
slop and plateau.

Figure 2.1.1 shows magnetization curve measured at Fermilab for a low-carbon steel used in
High-Gradient Quadrupole magnet [78] and the relevant relative permeability. Steel with the
same magnetic properties is being used in iron yokes of the Fermilab high field dipoles and
therefore considered in all the numerical calculations. One can see that the iron magnetization is
virtually linear up to the field B=2.12 T, which is called saturation field and becomes constant
for higher fields, having value of the saturation magnetization. Most of the steels used in
magnetic systems have saturation magnetization and saturation field within 1.8-2.2 T. Dueto a
non-uniform field distribution within iron yoke of accelerator magnet, different parts of the yoke
work in different regions of the magnetization curve.
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Figure 2.1.1 Iron relative permeability and magnetization as functions of the field.

It is clear that due to a non-uniform field distribution within iron yoke of accelerator magnet (the
maximum field is in the pole region and the minimum is in the middle plane), different parts of
the yoke work in different regions on the magnetization curve. It produces non-linear effects in
the field harmonics, which are complex functions of the yoke geometry and field level.

Table 2.1.2 contains the amplitudes of multipole deviations due to the yoke saturation effect in
superconducting magnets built for different machines[8], [9], [79]-[85] (at the reported reference
radii). Only the Tevatron magnets utilizing the “warm” iron have negligibly small yoke
saturation effect. The low order harmonic deviations in the rest of the magnets are by two orders
of magnitude higher than the field errors typically acceptable without correction (Table 1.2.2). It
requires implementation of correcting systems in order to eliminate the errors during machines
operation.

Table 2.1.2 Multipole deviations due to the iron yoke saturation in different dipole magnets.

Machine Tevatron | HERA | UNK SSC | RHIC LHC
Y oke type warm cold cold cold cold cold
Ab,, 10 - - - - - 2.0
Abs, 10 0.0 2.0 0.7 1.2 25 0.8
Ab,, 10 - - - - - 0.2
Abs, 10* 0.0 0.2 0.8 0.05 0.4 0.1
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A beneficence of the passive correction of the yoke saturation effect has been recognized a long
time ago. There are various publications available describing different techniques [86]-[90].
Most of them employ the idea of creating a region within the iron yoke that has opposite (to the
iron saturation) effect on the field distribution. Then the yoke contribution remains constant
during the operation cycle, having no effect on the field distribution (the transfer function B/l is
not constant though, since the flux is partially conducted by the non-linear magnetic material).

Technically this may be achieved by optimization of the inner and outer yoke surfaces. The
method of reduction the saturation harmonics by iron ellipticity [88] was implemented in LBNL
NbTi magnet D19 and showed a noticeable field quality improvement [91]. Optimization of the
outer yoke surface can further improve the field quality, however this way is less preferable and
can be used to a certain extent, until it starts to violate the skin/helium vessel stability.

Another possibility is based on keeping the inner and outer yoke surfaces round and introduction
holes inside the yoke body. Since there is a necessity of holes inside the yoke for assembly,
cooling, electrical buses and instrumentation, their position and size can be (to a certain extent)
optimized for the field qualify improvement. Most of the superconducting dipole and quadrupole
magnets built since Tevatron employ this principle of the passive correction.

2.2 Study of the yoke design parametersin single aperture magnets

The first generation of superconducting accelerator magnets was based on the single aperture
concept, where the coil package is instaled inside its own yoke. Thus it requires two physically
separated bending magnets at every point of the tunnel for steering two equally charged beams.
The idea of two coils for the counter-rotating beams installed within a single yoke structure — the
so-called double aperture magnet was implemented in LHC and proven to be more economical
solution with respect to the single aperture magnets [8]. However, the single aperture magnets
still find implementation in special accelerator areas, like the utility straight sections, where a
large beam separation is required. In addition, the single aperture magnets are no doubt simpler
to design, manufacture and test that is beneficial in theinitial stage of amagnet R&D program.

In order to determine the quantity of multipole deviations coming from the yoke saturation
effect, ssimple models of the shell dipole and quadrupole magnets, shown in Figure 2.2.1 have
been analyzed using OPERA2D code. The models consisted of optimized coils with 43.5 mm
bore (Chapter 1) and yokes with parametrically variable geometry. The yoke magnetic properties
were modeled by the measured magnetization curve (Figure 2.1.1). The yoke saturation effect as
afunction of the bore field and yoke geometry was studied for the allowed low order harmonics
— sextupole and decapol e in the dipole and dodecapol e in the quadrupol e magnet.
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Figure 2.2.1. The dipole (upper) and quadrupole (lower) FEM models.
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2.2.1 Variation of the yoke outer radius

A circular inner yoke surface for the dipole and quadrupole models was set at the minimum
distance (Chapter 1) from the coils of 8 mm and 20 mm for the dipole and quadrupole
respectively. The radius of the outer circular surface was varied within 100-400 mm range.
Figures 2.2.2 — 2.2.3 present sextupole and decapole components deviation in the dipole model
as functions of the bore field for different outer yoke radii.

It is noticeable that the radius variation within 400-250 mm does not significantly change the
multipole deviations. Further decreasing of the yoke radius forces the sextupole curve to cross
the horizontal axis at a smaler field. It leads to a partial compensation of the yoke saturation
effect that quantitatively confirms by Figure 2.2.4, presenting maximum sextupole deviations
from theinitial (zero) level within 0-12 T and 0-20 T fields range.

There is a clear minimum at the yoke outer radius of 175 mm for the field variation range from 0
to 12T. For the wider 0-20T range there is a minimum as well at the yoke outer radius of 200
mm, though the sextupole variation in this case is by 1.3 units higher.

The decapole deviations due to the yoke saturation effect are by factor of 20 smaller than for the
sextupole and can be virtually neglected.
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Figure 2.2.2. Sextupole deviations as functions of the bore field.
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The quadrupole magnet has an essentially better performance in terms of the yoke saturation
effect. Although the flux flowing through the yoke saturates it virtually to the same extent as in
the dipole magnet at equal peak fields, the first allowed by quadrupole symmetry multipole —
dodecapole bs decays much faster than the sextupole in the dipole magnet and presumably
acceptable without any correction (Figure 2.2.5). Thus, the choice of the outer yoke dimension in
guadrupole magnet has to be governed by some other than field quality considerations, like
fringe field at the outer yoke surface.
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Figure 2.2.5. Dodecapol e deviations as functions of the gradient.

Figure 2.2.6 shows the fringe field defined as the maximum field at the radius (Ro +1) cm for
both dipole and quadrupole magnets at the bore field and gradient of 12 T and 500 T/m
respectively. The fringe field changes by 4-5 orders of magnitude within investigated radii range.
The fringe field is about 200 mT in the dipole magnet for the optimum yoke outer radius of 175
mm. Such field level is, for example, acceptable at CERN for the whole working day exposure in
terms of biological effects [92]. Moreover, keeping in mind that the field significantly reduces
by the cryostat space and the outer iron shell, the actual fringe field outside of the magnet can be
made by an order of magnitude smaller. Thus, fixing the fringe field in the quadrupole at 200 mT
also, one finds the yoke outer radius of 125 mm that is by 40 % smaller than for the dipole.

Figures 2.2.7-2.2.8 show the yoke contribution to the bore field and gradient as functions of the
bore field and gradient in the dipole and quadrupol e magnets.
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Figure 2.2.8. Y oke contributions to the bore field in quadrupole magnet.

It is notable that the yoke contribution is already small at low fields, but drops even more when
the iron starts to saturate. Thus the maximum yoke contributions in the dipole and quadrupole
magnets are only 27 % and 7 % respectively. These valuesdropto 17 %o and 5% at 12 T field in
the dipole and 450 T/m gradient in the quadrupole magnets. A very low efficiency of the iron
yoke in the quadrupole magnet explains by a significant space between coil and the yoke
spanned by the stainless steel collar. Reduction of the collar thickness would increase the yoke
efficiency, then however, the issue of the coil prestress in two orthogonal planes by means of the
yoke would have to be addressed.

2.2.2 Variation of theyokeinner radius

The circular yoke inner boundary was varied in severa steps within range of 60-85 mm in the
dipole magnet. Since the quadrupole magnet did not possess any problems with the field quality
at the considered yoke radius, its increase might only improve the situation. Due to this reason,
the single aperture quadrupole was removed from the further analysis. The yoke outer radius of
the dipole magnet was fixed at an optimum value of 175 mm, determined in previous paragraph.

Figure 2.2.9 shows the sextupole distributions for different inner yoke radii and Figure 2.2.10 —
the maximum sextupol e deviations from theinitial value for the two field ranges.
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Figure 2.2.10. Maximum sextupole deviations as functions of the yoke inner radius.
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Since changes of the yoke inner boundary introduce disturbances in the geometrical multipoles at
low fields, the curves were adjusted vertically in order to obtain zero level at low field (in this
case the curves represent pure yoke saturation effect). The decapole deviations were not
considered due to their small value.

The plots clearly indicate that increasing of the yoke inner radius reduces the positive sextupole
component at intermediate fields as well as the negative component at high fields and so it is
generally beneficial for improving the field quality. There is an optimum yoke inner radius of 70
mm in the 0-12 T field cycle, but the optimum yoke radius for the 0-20 T cycle is off the
considered range. However, the two curves virtually converge to each other at the yoke inner
radius of 85 mm.

It is obvious that increasing of the yoke inner radius reduces the yoke efficiency, which is
guantitatively confirmed in Figure 2.2.11. The yoke contribution drops from 27 % to 16 % at low
fields after increasing of the yoke inner radius from 60 mm to 85 mm. However, the differencein
the yoke efficiency becomes smaller at higher field levels due to the saturation, giving possibility
of adjusting the yoke inner radius for the field quality correction with only small efficiency
losses.
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Figure 2.2.11. Y oke contribution to the bore field.



2.2.3 Variation of theyokeinner surface dlipticity

The inner yoke boundary in dipole magnet was made elliptical in order to determine its effect on
the field quality. One of the ellipse half-axes was set equal to the minimum yoke radius — 60 mm
and another one was varied within 60-70 mm, that provided the ellipticity b/a variation within
0.857-1.167 range. The circular yoke outer boundary had the optimum radius of 175 mm.

Figure 2.2.12 presents the sextupole deviations, adjusted to zero at low field level and Figure
2.2.13 shows the maximum sextupole component deviations within two cycles. Implementation
of the “vertical dlipticity” (b/a>1) for the inner yoke boundary allows effective reduction of the
sextupole deviations within 0-8 T field range. However, the vertica elipticity at higher fields
results in a large negative sextupole component giving worse results than the circular case.

The “horizontal elipticity” (b/a<l) helps to reduce alarge negative sextupole at high field levels.
Thus, the inner yoke surface ellipticity of b/a = 0.923 eliminates the sextupole component at 18
T field, making only a small sextupole buildup at an intermediate field. This can be a useful
approach of the field quality correction in the very high field magnets.

Figure 2.2.14 shows the yoke contribution into the bore field at for different ellipticity ratios. The
vertical elipticity b/a=1.167 gives the maximum drop in the yoke contribution, which is,
however, relatively small —5 % at low fields.
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Figure 2.2.12. Sextupole deviations as functions of the bore field.
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2.3 Double aperture magnets

Double aperture magnet concept reduces the number of magnets in a machine by factor of two
with respect to the single aperture option and thus accelerates the magnet manufacturing, testing
and installation procedures, which is vitaly important for the machines with large number of
magnets. However, large magnetic coupling of two coils within one yoke causes violation of the
field symmetry that implies certain difficulties in the magnet design. To understand peculiarities
of the double aperture magnet, several simple models of the dipole and quadrupole magnets have
been analyzed for different sets of design parameters.

2.3.1 Dipole magnet with horizontal bore arrangement

Two shell type dipole coils, described in Chapter 1 were horizontally accommodated within the
common iron yoke. Figure 2.3.1 shows the corresponding OPERA2D model. For the equally
charged particles to rotate in opposite directions, the main field components have to be of the
opposite signs in the adjacent apertures. In terms of the boundary conditions, it means zero
normal derivative of vector potential in the magnet vertical plane of symmetry (flux lines are
norma to the plane). Such boundary condition implies the positive coupling (or mutual
inductance) between the coils — each coil increases magnetic field in the other one. The coil-to-
yoke distance was set to the minimum (8 mm), determined in Chapter 1. The yoke did not
contain any holes and technological cutouts, which might affect the field distribution.

Initialy, the beam-to beam distance was fixed at S = 200 mm and the yoke outer radius was
varied within 200-400 mm. Figures 2.3.2-2.3.3 present quadrupole and sextupole components at
different outer yoke radii, coming from the yoke saturation effect. The quadrupole component
deviations grow up with decreasing of the yoke outer diameter. It explains by the fact that part of
the magnetic flux returning through the yoke, expels from outside of the coils to the inter-coil
space with decreasing of the outer yoke radius. Such flux redistribution leads to left-right flux
imbalance within every aperture and therefore to the negative quadrupole component for any of
the considered yoke outer radii. The sextupole curve exhibits obviously the same behavior asin
the single aperture magnet as it is generally non-sensitive to the left-right field asymmetry within
the aperture.

For the complete picture of the yoke design parameters influence on the field quality, it was
necessary to find out how the quadrupole component depends on the bore separation distance at
the fixed yoke outer radius. It was chosen according to the fringe field of ~0.1 T, shown in
Figure 2.3.4, corresponding to the yoke outer radius of 250 mm.
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Figure 2.3.2. Quadrupole components as functions of the bore field.
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Figure 2.3.5 presents the quadrupole component distribution for different beam separation
distances and Figure 2.3.6 — maximum quadrupole deviations within two field ranges. There are
minimums on the quadrupole curves at the bore separation distances of 170 and 200 mm for the
field ranges of 0-12 T and 0-20 T correspondingly. Existence of the optimum bore separation
distance in the dipole magnet with horizontal bore separation explains by following
considerations:

» When the bore separation distance is small — the positive coupling between two coilsis large,
which produces a large negative quadrupole component.

» Making the bore separation distance larger decreases the coupling. However, when the coils
are close to the fixed outer yoke surface — the flux expels from outside of the coils into the
inter-coil region, increasing the positive coupling and therefore negative quadrupole
component. Thus, there is a certain bore separation distance at which sum of both effects is
minimum.

One can notice that the minimum on the quadrupole curve is pretty shalow that gives possibility
to determine the optimum the bore separation range of 160-200 mm for 0-12 T fields range and
allows certain freedom in choosing the bore separation distance. Having a small bore separation
is preferable for easier beam shuffling, however it may be limited at larger values by the beam
instrumentation devices, such as the beam position monitors.
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Figure 2.3.5. Quadrupole component as a function of the bore field.
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2.3.2 Dipole magnet with vertical bore arrangement

The vertical coil arrangement within a common yoke is another possibility of the double aperture
concept. The common coil magnet has the inherent vertical bore separation. Shell type dipole
coils can be arranged this way as well. In ether case, the coils are to generate the field of
opposite signs in two apertures. It implies a boundary condition of constant vector potential in
the magnet horizontal plane and therefore the negative coupling between two apertures (the flux
lines are tangential to the plane). To understand peculiarities of this case in terms of the field
quality, the OPERA2D model similar to the one described in the previous paragraph was built. It
isshown in Figure 2.3.7.

At first, the bore separation distance was fixed at 200 mm and the yoke outer radius was varied
within the range of 175-400 mm. Figure 2.3.8 shows the skew quadrupole component coming
from the yoke saturation effect. Small yoke outer radius leads to a large positive skew
guadrupole component, since the flux expels form the outside to the inter-coil region. On the
other hand, increasing of the yoke outer radius forces the flux to outside, turning the skew
quadrupole component negative. Obviously, there should be an optimum yoke outer radius,
illustrated in Figure 2.3.9.
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Thus the quadrupole deviations are minimum for the yoke outer radius of ~ 210 mm. There is
virtually no difference between two curves because maximum deviations of the harmonic happen
below 12 T field, as the yoke saturation effect is stronger than in the magnet with horizontal bore
arrangement. It quantitatively confirms by arelatively high fringe field at the outer yoke surface
(Figure 2.3.10). Thus, the fringe field is by factor of three larger than in the magnet with
horizontal bore arrangement at the same yoke radius of 250 mm. It in genera demands stronger
shielding of the magnet with vertical bore arrangement at comparable yoke sizes.

Figure 2.3.11 presents the quadrupole distributions for different bore separation distances and
Figure 2.3.12 shows the maximum quadrupole deviations in two field ranges. There are clear
minimums on the curves at the bore separation distance of ~250 mm for both field ranges, which
was the same as the yoke outer radius. This “coincidence” explains by two magnetic boundaries,
defining the flux distribution within the yoke. One boundary is the magnet horizontal plane with
geometrically imposed condition of a constant vector potential. Another boundary is the iron-to-
air interface with a “weakly” imposed condition of constant vector potential. Both boundaries
expel the flux with nearly equal force and the top-bottom symmetry occurs when the coil is at
approximately equal distances from them. Therefore, the optimum bore separation distance for
the dipole magnet with vertical coil arrangement is by ~40 % larger than for the magnet with
horizontal coil arrangement at equal yoke outer radius.
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Figure 2.3.11. Skew quadrupole component as a function of the bore field.
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Figure 2.3.12. Maximum skew quadrupole deviations as functions of the bore separation
distance.

2.3.3 Quadrupole magnets

The double aperture quadrupole magnet is alogical extension of the idea of two magnets in one
yoke, similar to the dipole magnet design. Unlikely to the dipole magnets, where horizontal or
vertical coil arrangement makes a considerable difference in magnetic design, double aperture
guadrupole magnets are independent on the arrangement. It explains by the fact that the
quadrupole field is explicitly described by 0-45 degrees sector of symmetry. Thus, rotation of the
coil by 90 degrees turns the normal quadrupole into the normal quadrupole of opposite sign,
unlikely to the dipole magnet, where such transformation turns the normal dipole into the skew
dipole.

Presence of the second aperture causes multipoles, unallowed by the quadrupole symmetry. In
case of horizontal bore separation, the left-right asymmetry generates norma odd harmonics
(dipole, sextupole, decapole, etc.), when in case of vertical separation they turn into odd skew
multipoles (skew dipole, skew sextupole, skew decapole, €tc.).

Unlikely to the dipole magnet, there are two options for arranging functions of two quadrupole
coils within common yoke, depending on the accelerator lattice - they can produce equal or
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opposite effects on the relevant beams. In case of the equal effect, they simultaneously have
either focusing or defocusing effect (that will be referred to as FF), when in the case of opposite
effects one is focusing and another one is defocusing (FD). These two cases correspond to
different boundary conditions in the plane of symmetry separating two apertures. Figure 2.3.13
shows coils for the possible cases with the flux lines and boundary conditions.

The FF magnet function occurs when the flux lines are tangentia to the symmetry plane and
therefore the boundary condition of a constant vector potential implies. The FD magnet function
occurs when the flux is normal to the symmetry plane that implies the boundary condition of
zero normal derivative of vector potential in the plane. The magnetic coupling between two
apertures is negative in the first case and positive in the second that makes a big difference in
terms of magnetic design. To study peculiarities of these cases, two simple OPERA2D models
were built and shown in Figure 2.3.14.
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Figure 2.3.13. FD (upper) and FF (lower) quadrupol e functions within one yoke.
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Figure 2.3.14. FD (upper) and FF (lower) quadrupole models.
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Initialy, the bore separation distance was fixed at 200 mm and the dependence of the yoke outer
radius on the field quality was analyzed. Figures 2.3.15-2.3.18 present deviations of the skew
dipole and sextupole components coming from the yoke saturation as functions of the bore
gradient for FF and FD cases.

It is possible to see that the skew dipole component drops in the FF magnet with increasing of
the yoke outer radius, when the skew sextupole component has a minimum at ~220-230 mm for
the field range of 0-400 T/m. However, taking into account relatively small skew sextupole
level, it should not drive the yoke radius choice.

Both skew dipole and sextupole simply drop with increasing of the yoke outer radius in the FD
magnet. From the fringe field plot shown in Figure 2.3.19, one can notice an essentialy smaller
fringe field level than in either of the dipole magnets at the same outer yoke radius. Thus, it was
convenient to fix the yoke outer radius at the same value as in the dipole magnets — 250 mm and
study the field quality dependence on the bore separation distance.

Figures 2.3.20-2.3.23 present the skew dipole and skew sextupole components as functions of the
gradient for different bore separation distances, and Figures 2.3.24-2.3.25 show maximum
deviations of the skew dipole component within two cycles.
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Figure 2.3.15. Skew dipole component in FF magnet as a function of the bore gradient.
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Figure 2.3.16. Skew dipole component in FD magnet as a function of the bore gradient.
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There is a clear optimum of the bore separation distance at around 255-260 mm for the FF
magnet and around 200 mm for the FD magnet in either 0-400 T/m or 0-800 T/m gradient cycle.
The skew sextupole has a minimum in the FF magnet at the same bore separation distance, as for
the skew dipole. There is no sextupole minimum for the FD magnet, which is however small
enough to be neglected.

Based on the obtained results and the fact that the quadrupole magnet has to have the bore
separation distance exactly equal to the bore separation distance of the main dipole, one can
make the following conclusions:

The dipole magnets with horizontal bore arrangement have the optimum bore separation
distance of 160-200 mm, that is essentially the same as for the quadrupole magnet with FD
functions. Therefore, using of the FD quadrupole magnets together with the dipoles having
horizontal bore separation is natural. It requires the minor changes in magnet geometries to
achieve agood field quality. This approach is used in the LHC magnets.

The dipole magnets with vertica bore arrangement have the optimum bore separation
distance approximately equal to the yoke outer radius, which is the case for the FF
quadrupole magnets (those have the boundary conditions similar to the dipoles). Therefore, it
is preferable to use the dipole magnets with vertical bore arrangement together with the FF
guadrupoles.

If thereis a necessity of unpreferable combinations, there are the following options:

The dipole magnet with horizontal bore separation has to have the bore separation (and
obviously the yoke outer radius) larger than the optimum in order to work together with the
FF quadrupole magnet. This way is not cost-effective since the dipole magnet is the major
cost driver. An aternative reduction of the optimum bore separation distance in the FF
guadrupole can only be done to a relatively small extent without significant field quality
deterioration. Taking the iron out of the high field region (making it “warm™) may help to
solve this problem, although asymmetrical quadrupole coils has to be used.

Using of the FD quadrupole along with the dipole having the vertical bore separation creates
fewer problems since in this case the quadrupol e bore separation distance can be increased in
order to match the dipole bore separation for the expense of increasing the yoke outer sizein
the quadrupole magnet. Doing so does not make a significant cost impact due to a relatively
small number of quadrupole magnets.



2.4 Passive correction of the yoke saturation effect by holes

Analysis of the simple magnet configurations described in previous paragraphs has demonstrated
that optimization of the inner/outer yoke surfaces and beam separation distances aone does not
provide satisfactory results of the field quality. There were severa units of low order harmonics
remaining in most of the optimized cases, which must be further reduced. Introduction of
obstacles to the magnetic flux in form of holes alows flux redistribution between different parts
of the yoke that may be used for correction of the yoke saturation effect. In order to understand
the effect of the holes on the field multipoles, a ssimple OPERA2D model shown in Figure 2.4.1
was analyzed.

Figure 2.4.1. Modél for studying of the hole effect.

Inner radius of the yoke was fixed at 60 mm (Chapter 1) and the yoke outer radius was fixed at
the optimum value of 175 mm, determined early. Initialy, the correcting hole with constant
parameters R, = 75 mm and r, = 10 mm was moved azimuthally. Figures 2.4.2-2.4.3 present
sextupole and decapole deviations produced by the hole (the plots show the difference between
the cases with and without hole). Both hole-generated multipoles change the signs within the O-
90 degrees range of azimuthal positions. It is also illustrated in Figure 2.4.4, presenting the
maximum multipole deviations in 0-12 T or longer fields range (since the multipoles have the
maximum at 5-8 T field).

85



Ab,, 10™

Abs, 10™

0 2 4 6 8 10 12 14 16 18 20
B, T

0.20 ~
0.15
0.10 ~
0.05 +

0.00 -

-0.05

-0.10

-0.15 ~

-0.20

Figure 2.4.3. Decapol e deviations as functions of the bore field.

86



- 0.18

0.12

- 0.06

- 0.00

Abs, 107

- -0.06

- -0.12

-0.18
0 10 20 30 40 50 60 70 80 90

Figure 2.4.4. Maximum harmonic deviations as functions of the hole position.

Correction of the yoke saturation effect at intermediate fields requires the hole-induced sextupole
and decapole to be negative (Figures 2.4.2-2.4.3). It occurs for the hole placed within 0-15
degrees (in the magnet midplane). However, the most effective hole position in terms of the
sextupole correction is at 30-35 degrees, while in the midplane its effect is by a factor of two
smaller. Due to relatively small decapole deviations, one can consider this hole position to be
optimal for the correction of the yoke saturation effect in the dipole magnets. The hole with
specified parameters placed at this angle virtually eliminates the saturation sextupole component
at 4-8 T fields. However, at higher fields the saturation sextupole becomes negative as well as
the effect of the hole, which together produces a large negative sextupole. This problem can be
easily avoided by increasing the yoke outer radius (Figure 2.2.2).

Figure 2.4.5 shows the yoke saturation effect in terms of the sextupole component, corrected by
the hole with R, = 75mmand r, = 10 mm, placed at 36 degrees from the midplane for different
yoke outer radii. One can see that combination of the correcting hole effect together with
optimization of the yoke outer radius alows reduction of the saturation-induced sextupole by
factor of two. Obvioudly, introduction of several holes can further improve the situation.

In order to understand the effect of the parameter Ry, it was varied within 75-85 mm. The hole
radius r,, was proportionally increased so the hole spans the same angular width as at R,=75 mm.
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Figure 2.4.5. Corrected yoke saturation effect.

Figures 2.4.6-2.4.7 show the hole-induced sextupole and decapole components for different
positioning radii. Increasing of the hole-positioning radius reduces the maximum hole effect on
both multipole. Thus at R, = 85 mm the hole is equally ineffective within 0-35 azimuthal range.

Finally, was determined the dependence of the hole effect on the radius ry,. For this purpose, the
hole was set at R, = 85 mm and ¢= 36 degrees, and r was varied within 5-19 mm. Figure 2.4.8
presents the hole-induced sextupole deviations as functions of the field and Figure 2.4.9 shows
the hole-induced multipoles as functions of the hole radius.

It is notable that the sextupole and decapole dependencies on the hole radius can be well
approximated by a function, proportional to ri? (or the hole cross-section area) within quite a
large range of the size variations. This observation is important for choosing the optimization
strategy and can significantly reduce the optimization time. Thus, it is enough to find the effect
of some reference size hole at several positions using a finite-element analysis. Then one can
scale the dependencies for different hole sizes and find a good approximation to the optimum
hole position and radius anal ytically.
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Figure 2.4.6. Maximum sextupol e deviations as functions of the hole azimuthal position.

@, deg

Figure 2.4.7. Maximum decapole deviations as functions of the hole azimuthal position.
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Figure 2.4.9. Multipole deviations as a functions of the hole radius.
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The method of passive correction using holes is in principle applicable for any low-order
multipole affected by the yoke saturation effect. For example, the double aperture dipole magnets
with horizontal bore separation have the left-right magnetic asymmetry resulting in the non-
linear quadrupole component. This asymmetry can be eliminated or at least significantly reduced
by holes placed in the vertical plane of symmetry.

There is the top-bottom magnetic asymmetry in the dipole magnets with the vertical bore
separation that can be corrected by holes placed in the horizontal plane of symmetry. However,
due to peculiarities of flux distributions in different magnets the final position of the holes has to
be optimized separately in every particular case.

2.6 Summary

The results of study the yoke design parameters can be summarized as follows:

e The iron saturation effect in high field magnets is a source of considerable field quality
distortions, which require correction.

* Optimization of the yoke inner and outer radii in a single aperture magnet may improve the
field quality. These parameters however, do not provide the adequate correcting effect within
the acceptable range of parameter variations, which makes it reasonable to chose them based
on other than the field quality considerations (such as the minimum yoke size with an
acceptable fringe field).

* Introduction of the yoke inner surface elipticity makes a considerable change in the
sextupole curve. However, the integral correcting effect is fairly small and the optimum yoke
inner surface is close to the circular. Small “horizontal” elipticity allows some field quality
improvement at very high fields, however, complication of the magnet construction may not
justify this small benefit.

* There are optimum yoke outer radii and bore separation distances in the double aperture
dipole magnets with horizontal bore separation. It is possible to choose the optimum
parameters for adesired accelerating cycle and level of the fringe field.

* The optimum bore separation distance in the dipole magnets with the vertica bore
arrangement is approximately equal to the yoke outer radius. Reasonable restrictions on the
fringe field define the yoke outer radius and thus the bore separation distance that is 40 %
larger than for the dipole magnet with horizontal bore separation at the same fringe field.

» There are preferable pairs of the dipole and quadrupole magnets, based on the optimum bore
separation distances. Thus, the FD quadrupole magnet is preferable for the dipole magnet
with horizontal bore arrangement and the FF quadrupole is preferable for the dipole magnet
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with vertical bore arrangements. Using of the unpreferable combinations is feasible, but
reduces the overall system efficiency.

Correction of the yoke saturation effect by holes seems to be the most effective method,
providing the adequate correction at virtually no extra cost. Combination of this method with
optimization of the yoke outer surface further improves the field quality.
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CHAPTER 3. OPTIMIZATION OF SUPERCONDUCTING MAGNETS

3.1 Introduction

Fermilab is being developed high field magnets, based on NbzSn technology for future high-
energy accelerator — Very Large Hadron Collider (VLHC). Based on chosen lattice design and
machine operation parameters, the Stage Il arc magnets should meet the following genera
requirements, implying constrains on the magnetic design [10], [41]:

* Nomina field in arc dipole magnets> 10 T.

* Nomina gradient in arc quadrupole magnets > 400 T/m.

» Geometrical field quality satisfying the field error table. Field quality deterioration due to the
iron saturation effect is < 10* within operating cycle.

* Horizontal or vertical beam orientation.

» Caoail aperture = 40 mm, sufficient for installation of the beam screen.

* Operating temperature range 4.5-5.5 K.

« Sufficient critical current and critical temperature margin for a reliable operation under high
heat load from synchrotron radiation. The non-copper critical current were assumed 2000
A/mm? and 3000 A/mm? a 12 T and 4.2 K, achieved in the short and long terms
correspondingly [93].

In order to determine the optimum arc dipole and quadrupole magnet designs, several different
approaches, based on either horizontal or vertical bore separations with “cold” and “warm” iron
yokes were studied. The shell type dipole magnets were based on the optimized (Chapter 1)
coils, with minor changes in the geometry when it was necessary. All quadrupole magnets were
based on the same coil geometry described in Chapter 1.

Results of the parametric study, described in Chapter 2, allowed determining general rules of
building the magnet geometry. Final optimization required a significant amount of time and
computing recourses was done separately for every particular design.

3.2 Optimization of the Fermilab shell type dipole model

As the first step of the high field NbsSn magnet R&D program at Fermilab, building of short (1
m long) shell type dipole models with single aperture was considered. There were performed
conceptual design study [42], [44], analysis of manufacturing technology [94], [95] and final
design optimization [96] for these magnets. The single aperture magnets were based on
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analytically optimized coil cross-section with 43.5 mm bore diameter, containing the cable with
copper to non-copper ratio of 0.85. The yoke inner radius, used during coil optimization was 60
mm.

The mechanical support structure consisted of two vertically split iron parts, locked by aluminum
clamps and prestressed by the weld-shrinkage of the stainless-steel skin/helium vessel. Two 8
mm thick aluminum spacers filled the space between the coil and yoke and protected coils from
damage during assembly [94]. The yoke outer radius was fixed at 200 mm in order to take
advantage of available assembly equipment. It alowed speeding up the manufacturing process,
while having the yoke size close to the optimum (Chapter 2).

Figure 3.2.1 shows the optimized magnetic system with the flux lines and flux density plot at 11
T bore field, containing al the technological cutouts and the “cold” block mechanical structure.
One can see that the field reaches 4.8 T in the iron yoke near pole area, which is far above the
iron saturation threshold. Thus the holes, places at ~ 30 degrees from the midplane were used for
correction of sextupole component [96]. Figure 3.2.2 presents the sextupole deviations with and
without correction as functions of the bore field. The sextupole has relatively large deviations
within 0-12 T region that may be corrected by increasing of the yoke outer radius.

The magnet quench field was determined for a short sample limit of the relevant virgin strand,
measured at Fermilab Short Sample Test Facility [97]. Figure 3.2.3 shows a set of the measured
short sample limits and the magnet load line in units of current density and peak field. Points of
intersection between the short sample limits and the magnet load line give the quench field (in
the coail), reachable for the given superconductor parameters. It can be conveniently represented
in terms of the magnet bore field as a function of the critical current in non-copper at the
reference field and temperature (Figure 3.2.4). Thus, for the expected critical current density of
1800 A/mm? at 12 T and 4.2 K one obtains 11.7 T bore field. Cabling and bending degradation
would reduce the critical current density by 10-15 % and consequently the borefieldto 11.4 T.

Figures 3.2.5-3.2.6 illustrate the magnet transfer function, cable current and stored energy,
inductance as functions of the bore field. The quench current, determined for 11.4 T bore field is
20.5 KA and the transfer function is 0.55 T/kA. The strong iron saturation effect results in non-
linearity of all the magnet parameters that is especially noticeable in inductance, changing from
1.49 mH/m at low field to 1.30 mH/m at the maximum field, or by 15 %.
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Figure 3.2.1. Flux distribution (top) and mechanical structure (bottom) of the single aperture
dipole magnet.
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Figure 3.2.6. Stored energy and inductance as functions of the bore field.

3.3 Optimization of double aperture dipole magnets with horizontal bore arrangement

Double aperture dipole magnets are considered as the only option for VLHC [10] due to the
space savings, reduction of installation and alignment procedures and the overall magnet cost.
Severa different designs, depending on the accelerator lattice requirements, utilizing “cold”,
“warm” or “split” iron yokes have been optimized in order to reach the specified parameters.

3.3.1“Cold” yoke design

Magnets with “cold” yoke design have the iron yoke placed inside the cryostat at a small
distance from the coil. The peculiarity of dipole magnet with horizontal bore separation imposes
the optimum bore separation within 160-200 mm (Chapter 2). Larger distances would simplify
accommodation of the beam instrumentation (such as the beam position monitors), when smaller
ones are preferable for an easier beam shuffling. Thus, the bore separation distance was chosen
in the middle of the optimum range at 180 mm, which is close to the bore separation distance of
LHC (190 mm), proven to bereliable.
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Mechanica considerations require the vertically split yoke with a permanently open gap during
the magnet assembly and operation [95]. Since the gap should pass through both apertures to
allow assembly of the coils within one yoke - the yoke has to be split into three parts. The gap
variations under electromagnetic forces would cause redistribution of the magnetic flux and
deviations in the field multipoles. However, making the split parallel to a flux line can
significantly reduce this effect [98]. In this case, the small gap variations do not change the flux
map and thus do not affect the field quality.

Figure 3.3.1 illustrates how the split may look like in the double aperture dipole with the
horizontal bore separation. In this configuration, the gap crosses only some small number of the
flux lines. Making the split paralléel to the flux line, going to the infinity (which cuts the yoke at
~70 degrees from the midplane) would eliminate this problem, but complicate the magnet
mechanical structure, since two gaps of complicated shape have to be controlled simultaneously.

Path for the split

Figure 3.3.1. Iron yoke split partially parallel to aflux line.

The case shown in Figure 3.3.1 is more preferable, since it needs controlling of only one vertical
gap. It can be accomplished in the way similar to the single bore dipole magnet by means of two
clamps. In addition, the split geometry can be quite well approximated by three straight lines and
two arcs that simplify the yoke manufacturing and quality control.
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The iron yoke with 0.5 mm gap per aperture was optimized for the best field quality [96]. Figure
3.3.2 shows the optimum yoke with the outer radius of 260 mm and 2.5 holes per quadrant used
for correction of the sextupole and quadrupole components (bore field is 11 T) and the “cold”
block mechanical structure. It was possible to restrict the low order multipole deviations within
+/- 0.5 units for 0-11 T field range [99], shown in Figure 3.3.3 (the curves can be shifted
vertically by adjusting the coil geometry).

Figure 3.3.4 presents the quench field dependence on the critical current density for two copper
to non-copper ratios. 0.85 that will be used for the short R& D model and 1.2 that is required for
the long magnet quench protection [100], [101]. One can notice that quench performance of the
R&D magnet isidentical to the single bore magnet, when the long magnet quench performance
is 0.6 T below. However, the expected long term grows of the critical current density to 3000
A/mm? would alow reaching the field of 12.0 T with 10 % degradation and 10 % safety margin.
Figures 3.3.5-3.3.6 show the load and energy-related parameters per one aperture, which are
essentialy the same as for the single aperture dipole.

The effect of gap variation in the described geometry was studied by moving the outer part of the
yoke with respect to the central part [98]. Figures 3.3.7 shows deviations of the quadrupole and
sextupole components during the gap variation. The curves are linear that is obvious for the
small gap variations, when the flux distribution virtually does not change. It is convenient to
represent the field sensitivity to the gap variation in terms of constant derivatives. Ab,/Agap = -
0.36[10* 1/mm and Abg/Agap = 0.2110* 1/mm. These values are small with respect to the yoke
saturation effect. Thus the gap increase by ~0.3 mm during the field ramp from 0 to 12 T [102],
estimated by the mechanical analysis, would change the quadrupole and sextupole components
by only —0.1010* and 0.06[10* respectively.

Conceptua design of the mechanical support structure has been analyzed and developed [103].
According to the design, both the clamps and the skin provide the necessary prestress to the
coils, while the vertical gap is open at al stages of the magnet operation. This design concept is
similar to the single bore design, described in previous paragraph. The analysis demonstrated that
the stress level in the coil assembly is less than 150 M Pa threshold of irreversible critical current
degradation and the peak equivalent stress in the support structure components is within their
elastic limits.
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Figure 3.3.2. Flux distribution (top) and mechanical structure (bottom) of the double aperture
dipole magnet with “cold” iron yoke.
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Figure 3.3.4. Quench field as a function of the critical current density.
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3.3.2"Warm” yoke design

The first superconducting accelerator magnets built for the large-scale application (Tevatron)
utilized the “warm” yoke design concept. According to this concept, the coail is prestressed at a
room temperature and constrained against electromagnetic forces by means of non-magnetic
collars of necessary thickness. The iron yoke is removed from the coil assembly by the thermal
insulation width and is in direct contact with outside air. Advantage of this concept is in
relatively small iron saturation effect due to a significant coil to yoke distance and small cold
mass dimensions that reduces the refrigeration power, necessary to cool the magnet and keep it at
low temperature. However, the coil block must be well centered within the yoke to avoid large
eccentricity forces and field distortions, which was accomplished in Tevatron by means of
“smart” bolts[5].

The double aperture magnet concept with the “warm” iron yoke can be of direct interest for
VLHC, due to the mentioned advantages. Thus, it was ana ytically and numerically analyzed and
optimized in order to meet the specifications.

First, the study of the yoke saturation effect versus the yoke design parameters was performed
[104]. Figure 3.3.8 shows the finite-element model used in this study. The bore separation
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distance was fixed at the same 180 mm value as for the double bore magnet considered in
previous paragraph. The yoke inner and outer radii were varied within reasonable limits.

Figures 3.3.9 presents quadrupole and sextupole deviations coming from the iron saturation
effect (a constant geometrical component due to the mutual influence of the coils was subtracted)
for different yoke inner radii within 0-11 T field range. The yoke outer radius was fixed at the
high enough value (~1m) so it would not have any effect on the field quality. Large distance
from the yoke to the coil bore does not give the opportunity of correction the yoke saturation
effect by the hole technique, as the holes would have an enormous size. Therefore, this problem
must be entirely solved by optimizing the yoke inner and outer radii. The maximum multipole
deviations of 10 correspond to the yoke inner radius of about 182 mm. The distance between
coil and yoke surfaces in the horizontal plane in this case is about 40 mm that seems hardly
enough to accommodate the coil support structure and the cryostat.

Thus the inner yoke radius was fixed at 250 mm that |efts the minimum free space of 110 mm, in
the assumption that 30-40 mm of the space is used for the coils support structure and remaining
for the cryostat. Figures 3.3.10-3.3.11 show the multipole deviations within 0-11 T field cycle,
coming from the yoke saturation effect, maximum fringe field at 1 cm from the outer yoke
surface (at 11 T) and the yoke cross-section area. The maximum multipole deviations of 10™
correspond to the yoke outer radius of 288 mm. The maximum fringe field outside such yoke is
about 50 mT that is generally acceptable without further reduction. Thus, the inner and outer
yoke radii of this magnet were fixed at 250 mm and 290 mm for the following optimization.

\ /
Q.\ I‘O
== ==

Figure 3.3.8. The model for study of the yoke design parameters.
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Figure 3.3.9. Multipole deviations as functions of the yoke inner radius.

Left-right asymmetry in the considered magnet leads to unalowed by the dipole symmetry
geometrical multipole errors (iron does not screen coils from each other as in the “cold” yoke
design). These errors are quite large — about 30010 for the quadrupole component that must be
eliminated by optimization of the coil geometry. Obviously, such coils must have the
corresponding left-right asymmetry in order to correct the field. Figure 3.3.12 presents the cail
with the bore diameter of 43.5 mm being optimized for the minimum geometrical field errors by
ROXIE code in the double aperture configuration with the bore separation distance of 180 mm
and the yoke inner radius of 250 mm. Table 3.3.1 summarizes the geometrical multipoles.

Breaking of the left-right symmetry allows al the normal in the field distribution. However, it
was possible to significantly reduce even harmonics by introduction a small (within +/-1 mm)
asymmetry into three blocks per quadrant, keeping the number of blocks and turns per block
equal to the symmetric coil design [105]. Such coils were used for the final finite-element
simulation to obtain all the essential magnet parameters.

Figure 3.3.13 presents the magnet cross-section with the flux distribution at 11 T bore field and
the magnet mechanical structure. Maximum field in the yoke is around 2 T that does not create
the saturation problems. Figure 3.3.14 confirms it numerically for the quadrupole and sextupole
deviations. The quadrupole deviation is within 0.810* and the sextupole is close to zero.
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Figure 3.3.10. Multipole deviations as functions of the yoke outer radius.
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Figure 3.3.11. Fringe field and yoke area as functions of the yoke outer radius.
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Figure 3.3.12. Asymmetric shell type coil (magnet center is at the |eft).

Table 3.3.1. Geometrical harmonicsin 10 for the asymmetric coil design.

b, bs by bs be by bg by b1o b11
0.000 | 0.000 | 0.000 | 0.001 | -0.012|-0.011| 0.031 | -0.130| -0.011 | 0.129

Figure 3.3.15 shows the quench field as a function of the critical current density for two copper
to non-copper ratios. It is by 6 % smaller than in the magnet with “cold” iron yoke, which is the
price of the “warm” yoke. However, thisis not a big price for afactor of two smaller magnet size
and at least factor of 3 smaller weight of the “warm” yoke magnet.

The magnet load line and transfer function are shown in Figure 3.3.16. One can see that virtual
absence of the yoke saturation effect makes them close to linear. The current in this magnet must
be 17 % higher with respect to the “cold” yoke design to reach 12 T field, neverthelessit isnot a
limiting factor for the magnet design. The stored energy is close to one in the “cold” yoke
magnet and inductance is by 23 % smaller at 12 T field, which is beneficial for the voltage
reduction during quench (Figure 3.3.17).

Analysis of the mechanical structure was performed for the optimized coil and yoke
configurations [103]. It suggested that both coils were assembled within common aluminum or
stainless steel structure, constraining the electromagnetic forces during energizing. In order to
compensate for the differential thermal contraction, Nitronic 40 inserts used in the center [106].
Coail prestress at a room temperature is provided by means of the pressure bladders [107] and
keys between the Nitronic 40 inserts. The stainless steel skin, simultaneously serving as a helium
vessdl, is covered by several layers of Mylar thermal insulation. The “cold” block was suspended
within the “warm” yoke by the G10 “spiders”.
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Figure 3.3.13. Flux distribution (top) and mechanical structure (bottom) of the double aperture
dipole magnet with “warm” iron yoke.

109



B, T

—i—-h2

——DH3

0 ®

T
3
Q@

,-0T €0 '“q

-0.2

Figure 3.3.14. Quadrupole and sextupole components as functions of bore field.

=1.2

—&—cu/sc

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

Jo(12T, 4.2K), Al/mm?

Figure 3.3.15. Quench field as afunction of SC critical current density.
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Figure 3.3.17. Stored energy and inductance as functions of bore field.
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A sensitivity analysis was performed in order to determine tolerances acceptable for centering
the “cold” mass within the “warm” iron yoke. Both coils were simultaneously moved from the
nomina position in the horizontal and vertical directions. The consequences of these
displacements in terms of the field multipoles and force imbalance (vector sum of all
electromagnetic forces, acting in the “cold” block) are summarized in Table 3.3.2. The horizontal
displacement by 5 mm causes a large horizontal force imbalance, comparable with the “cold”
block weight, which required at least 100% safety margin in the support stricture. For the similar
vertical displacement the force is by factor of two smaller and acts in the direction of
gravitational force that makes it less dangerous. However, the highest multipole deviations occur
during the vertical displacements, when the skew dipole reaches 310 The first alowed
multipole for horizontal displacement - quadrupole does not exceed 10 for 5 mm displacement.
The acceptable tolerance on the “cold” block position must presumably be around +/- 1.5 mm,
which keeps the force imbalance within ~30 % of the “cold” block weight and the multipole
deviations within 10™.

Table 3.3.2. Forces and multipoles due to eccentricity displacements.

Shifts, mm Forces, KN/m Multipole deviations, 10

AX Ay 2 Fy ZFy Ab, Abs ANay Aay Aag
5.0 0.0 10.3 0.0 0.7 0.1 - - -
0.0 5.0 0.0 5.8 0.0 0.0 3.0 -0.4 0.0

3.4 Optimization of double aperture dipole magnets with vertical bore arrangement

Using of the “flat” beam optics is considered as a possible implementation for VLHC [10]. In
terms of the magnet design, it requires the vertical bore arrangement. As shown in Chapter 2, the
vertical bore arrangement implies larger optimum bore separation distances in dipole magnets
than in case of the horizontal bore arrangement. In addition, the field quality errors induced by
the iron saturation are noticeably larger than in a case of the horizontal bore arrangement that
forces implementation of larger correcting holes.

3.4.1 Common coil design

The block type coil presented in Chapter 1 was considered in the common-coil geometry. A
plane racetrack shape of the coil and an inherently large bore separation distance of the magnet
with the vertical bore arrangement makes it attractive to use the “react and wind” technology for
the coil production. In order to reduce the bending degradation of the reacted cable made of
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strands 0.7 mm in diameter, the minimum bending radius should be 90 mm [47] that
automatically determined the bore separation distance of 290 mm [49].

The coils are constrained by the Nitronic 40 collar, serving also as the coil winding structure,
allowing simultaneous winding of both single-layer coils. This technology would significantly
accelerate the winding process with respect to the traditional techniques. However, such common
collar structure requires a mechanical link between collars of two apertures. Therefore, a special
cutout in the iron yoke is necessary in order to accommodate the link that generates the top-
bottom field asymmetry within each aperture, which must be corrected by the coil geometry. In
addition, the mechanical analysis demonstrated the preference of arelatively slim collar structure
with aflat collar-iron interface [47] that demanded further coil optimization. It was done by the
finite-element code OPERA2D.

Figure 3.4.1 shows the optimized coil cross-section and the yoke geometry and Table 3.4.1
summarizes the geometrical field harmonics. All the harmonics were kept within specification in
spite of both normal and skew harmonics are allowed. It was accomplished by introduction of a
small top-bottom asymmetry into the coil geometry [49].

0.0 40.0 80.0 120.0 160.0 200.0  240.0

X [mm]
Component: DB/Bo
0.0 0.0001 0.0002
= \P I

Figure 3.4.1. Asymmetric common coil with the field quality plot.

Table 3.4.1. Geometrical harmonicsin 10 for the asymmetric common cail.

a bs ay bs as by ag by a0 b11
-0.006 | -0.001 | -0.003 | 0.001 | 0.000 | 0.003 | 0.012 | -0.028 | 0.000 | -0.000
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In order to correct the iron saturation effect, 2.5 holes per quadrant were introduced into the
yoke. Figure 3.4.2 presents the optimized yoke cross-section with the flux distribution and the
magnet mechanical structure. The holes next to the coil are primarily used for the sextupole
component correction. The flat iron boundary resulted in a more uniform field distribution on the
yoke inner surface and smaller yoke saturation effect with respect to the circular yoke case. It
allowed moving the sextupole correction holes further away from the yoke surface that reduced
mechanical stresses during operation.

However a large top-bottom yoke asymmetry especially enhanced by the central cutout resulted
in abig skew quadrupole component caused by the iron saturation, which required using big (90
mm in diameter) correcting holes in the magnet midplane. These holes are aside from the high
stresses region and should not create mechanical problems, while providing space for cooling
channels and power supply buses. The harmonic deviations due to the yoke saturation presented
in Figure 3.4.3 were suppressed to 0.8010°*.

Figure 3.4.4 presents the quench field as afunction of the critical current density at two copper to
non-copper ratios, necessary for the quench protection of the short and long magnets [108],
[109]. One can see that the field is 14 % smaller than in the shell type magnet with the “cold’
iron yoke and 7 % smaller than in the magnet with the “warm” yoke. It is a result of lower
efficiency of the block type magnet with respect to the shell type, which was illustrated in
Chapter 1 and the negative coupling between two vertically arranged coils.

The large cable cross-section causes the high current and low transfer function, presented in
Figure 3.4.5. Thus, the bore field of 11 T corresponds to 26 KA current and the transfer function
of 0.423 T/KA.

The large effective coil aperture and vertical coil size lead to alarge stored energy (Figure 3.4.6).
The stored energy is amost by factor of two larger than in a shell type magnet with “cold” iron
yoke. The difference in inductances is not that large (9 %) due to the current higher than in the
shell type magnet.

Similarly to the shell type dipole, a“warm” iron yoke can be implemented for the common-cail
design. Obvioudly, it would allow reducing the magnet mass and dimensions. The nominal field
however, in such a magnet would be below 10 T due to a lack of the iron contribution and
shielding of the second aperture plus the large cable bending degradation inherent to the “react
and wind” approach, which would make it of no interest for the VLHC.

Development of the short common coil models at Fermilab, based on the optimized coil and
yoke geometry is described in [110]-[112].
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Figure 3.4.2. Flux distribution (top) and mechanical structure (bottom) of the common cail
magnet.
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Figure 3.4.3. Harmonic deviations as functions of the bore field.
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Figure 3.4.4. Quench field as a function of the critical current density.
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Figure 3.4.6. Stored energy and inductance as functions of the bore field.
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3.4.2" Cold/Warm” yoke design

Magnet of this type utilizes the shell-type coils arranged vertically within the common yoke. The
negative coupling between two apertures decreases the transfer function and maximum field. In
addition, the boundary conditions imposed by the vertical coil arrangement require the bore
separation distance to be approximately equal to the yoke outer radius. Restrictions of the fringe
field and multipole deviations at a reasonable level in this case would lead to noticeably larger
yoke size, in comparison to the magnet with horizontal bore arrangement, making such design
less economically attractive. The common coil magnet considered in the previous paragraph
serves as a good example of larger yoke size in amagnet with vertical bore arrangement.

The “cold” mass size can be partidly reduced by subdivision the iron yoke into two parts —
“cold” and “warm”, when both serve as the flux returns and are the elements of the magnetic
design. Optimization strategy for such a magnet can be following: minimization of the “cold”
yoke part by decreasing its outer radius while keeping the bore field quality and fringe field
outside the “warm” yoke at the necessary level by optimizing geometry of the holes within the
“cold” yoke and thickness of the “warm” yoke. The distance between “cold” and “warm” partsis
determined by the cryostat needs. For example, in the LHC dipoles the minimum distance is
about 100 mm.

Optimization according to the defined strategy was done by OPERA2D code, for the shell type
coil described in Chapter 1 and the yoke inner radius of 60 mm. It was found that deviations of
the sextuple component exceeded 10 even after correction by the holes for reasonable yoke and
hole sizes due to inherently larger yoke saturation effect in the magnet with vertical bore
arrangement [113]. Therefore, the yoke inner radius was increased by 5 mm that in turn required
further optimization of the coil geometry.

Figure 3.4.7 presents the coil geometry after optimization. It consists of the same number of
turns and blocks as the initial coil design. The only noticeable difference is in closer to the
midplane position of the pole and middle blocks of the outer layer. Table 3.4.2 summarizes the
geometrical multipoles for the new coil, which are within the specification.

The yoke optimization was repeated with the new coil cross-section. Figure 3.4.8 shows the flux
distribution within the optimized yoke cross-section at 11 T bore field and the “cold” block
mechanical structure. One can see the large holes in the magnet midplane similar to those in the
common coil magnet that primarily serve for correction of the skew quadrupole component. The
rest of the holes are intended for the sextupole correction. Figure 3.4.9 shows that it was possible
to restrict the skew quadrupole and sextupole component deviations within 0.5(10* and 1010 in
the 0-11 T field range.
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Figure 3.4.7. Optimized shell-type coil geometry.

Table 3.4.2. Geometrical multipolesin 10 for the shell-type coil.

bs bs b, bg b1y
0.000 | 0.000 | -0.006 | -0.067 | 0.104

The optimum “cold” block radius of 240 mm was smaller than the bore the separation distance of
266 mm due to contribution of the “warm” part. The distance between the “cold” and “warm”
parts was kept constant and equal to 100 mm throughout the optimization. Due to a small amount
of ironin the “cold” part there was a significant fringe flux that could be suppressed to ~ 40 mT
at 11 T borefield by 15 mm “warm” iron screen. The field in the “warm” screen reaches 2 T.

Figure 3.4.10 presents the quench bore field for two copper to non-copper ratios. The guench
field is by only 3.5 % smaller than in the double aperture shell type magnet with horizontal bore
separation, while in the common coil dipole the field is by 14 % smaller. Thus, the expected
critical current density of 3000 A/mm? would alow reaching the 11.6 T field with 10 %
degradation and 10 % safety margin.

Figures 3.4.11-3.4.12 show the cable current, transfer function, stored energy and inductance as
functions of the bore field. There is no essential difference in these parameters with respect to the
shell type magnet with horizontal bore separation.

The coils can be accommodated within the vertically split iron yoke, similarly to the common
coil magnet. However, the mechanical structure is similar to the shell type magnet with
horizontal bore arrangement, as there was no special collars intended for constraining the
electromagnetic forces. The full prestress is provided by means of the stainless steel skin, which
has to be twice thicker than in the magnet with horizontal bore arrangement, where
electromagnetic forces acting in two coils partially cancel each other [114].
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Figure 3.4.8. Flux distribution (top) and mechanical structure (bottom) of the shell type magnet
with vertical bore arrangement.
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3.5 Optimization of quadrupole magnets

Optimization of arc quadrupole magnets was based on the similar to the dipole magnet general
criteria — meeting the requested magnet parameters at the minimum cost. The quadrupole
magnets are intended to work in a FODO structure with separate functions. Therefore the bore
separation distance has to be equal to the one in the main dipole magnets.

The quadrupole magnet designs were optimized by OPERA2D code in order to match with
different dipole magnets and meet VLHC specifications. All of them were based on the same
collared coils with 43.5 mm bore diameter [55], descried in Chapter 1. The coils were prestressed
and mechanically supported by means of Nitronic 40 stainless steel collar laminations. The collar
thickness of 20 mm was scaled from the design of the LHC IR quadrupoles developed at
Fermilab [115]. The coil support structure is capable of keeping the coils under compression with
the maximum stress in the coil less than 150 MPain the operation gradient range of 0-400
T/m [116]. Thick auminum end cans provided prestress and mechanical support of the magnet
ends. No additional radia support from the iron yoke was required.

An dternative collar design with two pares of laminations and the adequate support capability
was also proposed [117].

3.5.1 FD quadrupolefor dipole magnetswith horizontal bore arrangement

Quadrupole magnet of this type is intended to work together with the shell type dipole magnet
with the horizontal bore arrangement. Thus, the bore separation distance has to be equa to
180 mm. The iron yoke is split horizontally into two pieces to allow assembly of two coilsin one
yoke. The gap between the two iron pieces is aways closed in order to reduce the effect of gap
variation on the field quality.

The baseline design of the arc quadrupoles with horizontal bore arrangement is FD configuration
suitable for the round beam optics, which imposes a boundary condition of zero normal
derivative of vector potential in the vertical plane of symmetry and therefore positive coupling
between the coils. Correcting holes were optimized along with the yoke outer radius in order to
reduce the yoke saturation effect [56].

Figure 3.5.1 shows the optimized yoke cross-section with the flux distribution at 400 T/m bore
gradient and the “cold” mass mechanical structure. The maximum field in the yoke reaches 3.5 T
that is by 40 % smaller than in the relevant dipole, yet high enough to generate the field quality
deviations due to the yoke saturation effect. It was corrected by the holes in the magnet vertical
plane of symmetry.
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Figure 3.5.1. Flux distribution (top) and mechanical structure (bottom) of the FD quadrupole
magnet with horizontal bore arrangement.
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There were only normal harmonics allowed in this type of symmetry. Figure 3.5.2 presents
harmonic deviations due to the yoke saturation effect. The biggest harmonic is the dipole that is
not zero at low field due to alarge coupling between two apertures. However, it was possible to
restrict the dipole deviations within 10# in 0-400 T/m gradient range. The next allowed harmonic
is sextupole that varies within 0.210™,

Figure 3.5.3 shows the maximum gradient as a function of the critical current density for two
copper to non-copper ratios, required for a short and long magnet quench protection [100], [109].
Thus, the expected critical current density of 3000 A/mm? with 10 % degradation and 10 %
margin allows reaching the nominal gradient of 425 T/m.

The quadrupole magnet has larger current than in the relevant dipole, but the stored energies are
nearly the same (Figures 3.5.4-3.5.5). It explains by the negative coupling between half of the
turns within one each coil, resulting in negative mutual inductances and lower total inductance.
Reaching of 400 T/m gradient leads to the current around 28 kA that is by 30 % larger than in the
dipole magnet at 11 T bore field. Obviously, the quadrupole magnet should be powered
separately in order to work at peak efficiency. This option is considered for the VLHC magnets
[10]. If the quadrupole magnet has to be powered in series with the dipole, its cable cross-section
can be reduced in order to achieve the same nominal current as in the dipole magnet.
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Figure 3.5.2. Multipole deviations as functions of the bore gradient.
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Figure 3.5.5. Stored energy and inductance as functions of the bore gradient.

The magnet inductance becomes a function of the field starting at the gradient of 200 T/m due to
the yoke saturation. It is by factor of two smaller than in the dipole magnet due to the negative
mutual inductance between half of the turns of one coil. However, it does not simplify the
guench protection due to the larger magnet current [100]. If necessary, the bore separation
distance in this magnet can be easily reduced by ~50 %, as required for VLHC-I magnets [118].

3.5.2 FF quadrupole for the common coil dipole

Quadrupole magnets of this type are intended to work together with the common coil dipole
magnets. Thus, the bore separation distance should be 290 mm. The “flat” beam optics inherent
to the vertical bore arrangement requires FF quadrupole magnets. It imposes a constant vector
potential in the magnet midplane and, therefore, negative coupling between two coils. The coils
were accommodated within the common, vertically split yoke with permanently closed gap.
Figure 3.5.6 presents the optimized magnet cross-section with the flux distribution at 400 T/m
bore gradient and the “cold” block mechanical structure. The main correcting holes were of the
same size and position as in the relevant dipole magnet. Since minimization of the yoke outer
radius at the fixed bore separation distance produced a large top-bottom flux imbalance, an
additional hole in the magnet center was required for the field quality improvement [56].
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It was possible to restrict the skew dipole and skew sextupole deviations, shown in Figure 3.5.7
within 0.410* and 0.1010™ respectively in the 0-400 T/m gradient range. Similar coils and iron
contribution as in the previous quadrupole magnet design resulted in essentially the same quench
field, current, transfer function, inductance and stored energy (Figures 3.5.3-3.5.5).
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Figure 3.5.7. Multipole deviations as functions of the bore field.

3.5.3 FF quadrupolefor the shell type dipolewith vertical bore arrangement

Quadrupole magnets of this type are intended to work together with the shell type dipoles with
the vertical bore arrangement. The bore separation distance in this case should be 266 mm. Also,
utilizing the cryostat similar to the dipole magnet (“warm” yoke) would be preferable by
economical reasons. Therefore, the quadrupole magnet should be based on the subdivided
“cold/warm” yoke concept as well.

The “flat” beam optics suitable for the vertical bore arrangement requires FF quadrupole
magnets. In terms of the boundary condition, it imposes a constant vector potential in the magnet
midplane and, therefore, negative coupling between the coils, similarly to the previous case. The
coils are accommodated within the vertically split common yoke with permanently closed gap.
Figure 3.5.8 presents the optimized magnet cross-section with flux distribution at 400 T/m bore
gradient and the “cold” mass mechanical structure.
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magnet with vertical bore arrangement.
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The “warm” screen is not saturated, unlikely to the dipole magnet. However, its close proximity
to the “cold” part affects the flux distribution that had to be taken into account during
optimization. The main cooling channels are of the same size and position as in the relevant
dipole magnet. It was necessary to introduce the rectangular hole in the magnet center to

minimize the skew dipole component, and other holes used for correction of the skew sextupole
component [56].

Figure 3.5.9 shows the multipole deviations, which were possible to keep within 0.810 and
0.4010™ correspondingly for the skew dipole and skew sextupole in the 0-400 T/m gradient

range. The rest of parameters is the same as for the previous two magnets (Figures 3.5.3-3.5.5)
due to the same coil and iron contribution.
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Figure 3.5.9. Multipole distributions as functions of the bore gradient.

3.6 Summary

Results of study and optimization magnetic systems of superconducting accelerator magnets can
be summarized as follows:

» Developed design of the single aperture shell type NbsSn dipole magnet with the nominal
field of 11-12 T. Short magnet models based on the developed geometry are in production
and test.
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Developed designs of the shell and block type magnets with the horizontal and vertical bore
separation. All of them satisfy the second stage VLHC requirements, giving possibility of the
optimum design choice depending on additional constrains. Table 3.6.1. summarizes the
main dipole magnet parameters.

Table 3.6.1 Dipole magnet parameters

: Aperture arrangement

Parameter Unit horizontal | horizontal | vertical vertical
Cail type shell shell racetrack shell
Y oke type cold warm cold cold+warm
Aperture mm 43.5 43.5 40.0 (51.6)" 43.5
Bore separation mm 180 180 290 266
Quench' field T 12.4 118 10.8 12.0
Quench current KA 22.6 25.0 25.5 23.4
Transfer functionat 11 T T/kA 0.56 0.47 0.42 0.52
Inductanceat 11 T mH/m 2.68 2.15 2.95 2.46
Stored energy at 11 T kJ/m 521 587 997 554
Strands cross-section area cm* 2x21.6 2x21.6 2x26.8 2x21.6
“Cold” yoke cross-section cm’ 1722 - 1709 1378
“Warm” yoke cross-section cm’ - 679 - 327
“Cold” block diameter mm 540 380 580 500
“Cold” block weight kg/m 1516 495/904" 1755 1248
Cryostat outer diameter'” mm 750 580 790 710

Performed optimization of the shell type magnet with the “cold” iron yoke and horizontal
bore separation. The approach of making gaps in the yoke parallel to the flux lines was
proposed and numerically verified. It minimizes the field quality deviations due to the gap
variations under el ectromagnetic forces.

Proposed perspective design of the shell type dipole magnet with the “warm” iron yoke and
horizontal bore separation. The magnet outer size has been reduced by factor of 2 and the
magnet weight has been reduced by factor of 3-4 with respect to existing (LHC dipole) shell
type magnets. It was shown that compensation of the coil magnetic coupling can be easily
accomplished by introduction a small (less than +/-1 mm) left-right asymmetry in the three

' The number in brackets shows available space for the beam tube in the magnet straight section.
"' Quench parameters are calculated in following assumptions:
- The short sample limit is 3000 A/mm? at 12 T and 4.2 K for the shell type dipoles. Cabling and other types of
degradation reduce this value by 10%. Copper to non-copper ratio is 1.2.
- The short sample limit is 3000 A/mm? at 12 T and 4.2 K for the common coil dipole. Cabling and other types of
degradation reduce this value by 20%. Copper to non-copper ratio is 1.1.
" First number is for the coil support made of aluminum, second is for stainless steel.
V' A reference parameter obtained in assumption of 100 mm distance between the “cold” and “warm” parts.
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coil blocks per quadrant. The magnet inductance is 23 % smaller than in the shell type dipole
with “cold” iron yoke that reduces the voltages, generated during quench and allow the
magnet length increasing. It was demonstrated that in case of a reasonable restriction of the
“cold” block misalignment within +/-1.5 mm, the eccentricity forces do not exceed 30 % of
the “cold” block weight and the harmonic deviations are within +/-10.

Proposed and numerically verified design of the single-layer common coil dipole magnet.
The smple, flat geometry gives possibility of winding the coil inside of the common
mechanical structure that reduces manufacturing time and cost. Large bending radius allows
using of the “react and wind” technique. It reduces the furnace size and alows control of the
cable dimensions during all stages of coil fabrication that reduces the random field errors
spread.

Studied design of the shell type dipole magnet with the vertical bore separation and the
subdivided iron yoke. Performed optimization has demonstrated that separation of the yoke
into the “cold” and “warm” parts allows reduction of the magnet dimensions by 30 % with
respect to the “cold” design.

Developed effective designs of the shell type quadrupole magnets, with different functions
and bore orientations, coordinated with the dipole magnet parameters.
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CHAPTER 4. STUDY AND CORRECTION OF THE COIL MAGNETIZATION
EFFECT

4.1 Introduction

Accelerator magnets must meet quite strong field quality requirements. It was demonstrated in
the previous chapters that the multipole deviations due to conductor misalignment and the yoke
saturation effect could be suppressed to 10 within operating field range in most of the high field
magnets.

However, results of magnetic measurements in superconducting accelerator magnets show that
the field quality significantly deteriorates at low fields. For example, the sextupole component in
NbTi dipole magnets of Tevatron, HERA, SSC, LHC distorts by ~10-20010 at injection field
[120]-[125]. This effect known as the coil magnetization or the persistent current effect in
superconducting magnets caused by persistent currents induced in the superconducting filaments.
It is large a low fields but rapidly reduces when the main field increases. The negative
consequences of this effect are: decreasing of the dynamic aperture, reduction of the operation
field range, complication and cost growth of the correction system.

The situation becomes noticeably worse for high field accelerator magnets based on the NbsSn
superconductor. Commercialy available Nbs;Sn strands provide the critical current density
sufficient to increase the magnetic field in accelerator magnets up to 14+15 T. However, ther
large effective filament diameter, inherent to the manufacturing technology along with high
critical current density increases the coil magnetization effect by an order of magnitude with
respect to NbTi magnets.

Correction of the coil magnetization effect in case of Tevatron and LHC is accomplished by the
active correcting system, containing variety of different multipole corrector magnets. Precision
of the HERA active correcting system was enhanced using the feedback signal form magnetic
measurements in reference magnets [123]. Methods of the passive correction were considered by
different authors.

M.A. Green from LBNL studied correction in the NbTi magnets arranging the passive
superconducting strands with alarge effective filament diameter inside of the coil aperture [121]-
[122]. Disadvantage of this method is relatively large volume of the passive superconductor
(~ 7 % of the coil volume at twice larger effective filament size), necessary to cancel the coil
magnetization effect that reduces useful space in the coil aperture. It isunacceptable for the field
correction in the NbsSn magnets as commercial NbsSn strands have aready too large effective
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filament diameter. The passive superconductor would have to have the effective filament size on
the order of 200 um that would make it unstable.

E. W. Callings from Ohio State University studied possibility of correction the coil
magnetization effect by addition of low-magnetic materials (Mn, Ni) into the NbTi strand
structure [126]. However, in case of NbsSn superconductor, amount of the correcting material
has to be comparable with the coil volume. It practically eliminates advantage of high critical
current density achievable in this material.

H. Gurol, G.W. Albert, R. Simon and M. Marietta from San Diego considered installation of
nickel tapes inside of the NbTi magnet aperture [127]. They have experimentally demonstrated
positive effect of the corrector on the sextupole and decapole field components, however the
measures corrector efficiency was only 55 % from numerically estimated. Presumably, the
reason of the difference was in uncertainty of magnetic properties of the corrector material
during numerical simulation.

A. Asner from CERN considered implementation of permanent magnets for correction of the coil
magnetization effect in NbTi magnets [128]. It was shown that the length of external samarium-
cobalt sextupole corrector should be about 1 % of the magnet length. In the case of NbsSn
magnet, the externa corrector length has to be several times higher that would correspondingly
reduce the magnets filling factor of the tunnel.

A passive field correction could be a very attractive implementation for high field
superconducting accelerator magnets, based on NbzSn superconductor. However, none of the
considered methods provides a reliable correction without impact on the magnet performance,
which makes their implementation unreasonably complex and expensive. Therefore,
development of alternative methods of passive correction is essential for a future high-energy
collider.

4.2 Simulation of the coil magnetization effect

The most widely used method of calculation the coil magnetization effect is analytical simulation
of contribution made by magnetization of every particular strand into the field at a reference
radius. Several practical implementations of this method, based on different approaches are
described in [120], [121], [125]. However, most of them do not allow accurate simulation of the
non-linear iron magnetization effects as well as complicated yoke surfaces, affecting the coil
magnetization field, that limit their capabilities.
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Another method, proposed by S. Caspi, W.S. Gilbert, M. Helm and L.J. Laslett from LBNL is
based on the finite-element code POISSON, which allows accurate consideration of all the
magnetic elements [129]. This approach will be used for ssmulations of the coil magnetization
effect in this chapter.

4.2.1 Method description and verification

The finite element code OPERA2D was used for simulation of the coil magnetization. It allows
taking into account complicated geometry and real magnetic properties of all the magnetic
elements. The coil magnetic properties were characterized by the magnetization of a reference
NbsSn strand, 1 mm in diameter with the critical current density of 1600 A/mm? at 12 T and
4.2 K and copper to non-copper ratio of 0.85, measured at Fermilab [130].

Figure 4.2.1 presents the averaged magnetization curves per strand volume (copper + non-
copper) for thefirst (virgin) and consequent field cycles. The effective filament diameter, derived
from the curve was about 120 pm.
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Figure 4.2.1. Superconductor magnetization as a function of applied field.

In order to assign the integra cable magnetic properties for the OPERA 2D model, the
magnetization curve of the reference strand was transformed into a B(H) curve according to the
expression:
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H
B(H) = tioH + M 4 /]str(,uo a1 j’ (41.1)

str
where Ag, IS an average packing factor of strandsin the cable.

Before performing extensive simulations of the coil magnetization effect, the method based on
the finite-element code was verified by comparison with the analytical solution for a simple
model. Geometry of the single bore dipole magnet, presented in Chapter 3 was used in the
verification process. The strand packing factor was Ag, = 0.88. The analytical simulation of the
coil magnetization effect was done according to the Bean model [131] in assumption of constant
iron yoke permeability of 1000 [132].

Figure 4.2.2 shows the finite-element model with distribution of the magnetization within the
coil and Figures 4.2.3-4.2.4 present sextupole and decapole curves for the first and second field
cycles. One can notice that the maximum difference between analytical and numerical solutions
isabout 5% at 1 T field. It was considered as tolerant enough verification of the method based
on the finite-element code as the flux motion in superconductor leads to comparable uncertainty
in the magnetization [97]. A higher accuracy can be achieved by introduction in (4.2.1) the
packing factor, variable across the cable. One also should notice that reduction of the critical
current density and therefore magnetization due to the transport current in the cable is not taken
into account. This effect is negligibly small at low fields, where the coil magnetization causes
maximum problems but starts playing arole at intermediate fields [133].

Y [mm]

45.0

40.0

080 50 100

X [mm]

Component: -M, T
-0.223639 -0.0343687 0.15490.
e | é

Figure 4.2.2. Model for smulation of the coil magnetization effect.
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Figure 4.2.4. Multipole deviations in the second cycle as functions of the bore field.
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4.2.2 Coil magnetization effect in different types of dipole magnets

In order to estimate impact of the magnet design on the coil magnetization effect, it was
computed in different types of NbsSn dipole magnets [134]. Since the collider magnets operate in
a cycling mode, magnetization curve for the second cycle was used. All the magnets were
assigned the same magnetization of the superconductor, equal to the reference. Thus, the B(H)
curves were calculated from the reference magnetization curve shown in Figure 4.2.1, taking into
account the copper to non-copper ratios and packing factors, relevant to every particular design:

H + Kref
B(H) = gH + A M D'L cusc (4.1.2)
( ) /JO str ref (/JO Astr j 1+ Kcusc

The coil magnetization effect was computed first for the shell type and common coil magnets
described in Chapter 3 and [96], [49]. Figure 4.2.5 (designs A and B) presents the coil cross-
sections of these magnets with the flux lines produced by the coil magnetization only (other
effects were subtracted) at 1 T bore field. The copper to non-copper ratio in the strands is shown
as well. The flux increment between adjacent lines was kept constant and equal to 510 Wh/m
in all the similar plots of this chapter for easier illustrative comparison.

One can notice that the magnetization flux, flowing through the coil aperture in the shell type
magnet is significantly larger than in the common coil magnet. Thus, one can expect similar
difference in multipole distributions. It is quantitatively confirmed in Figures 4.2.6-4.2.7,
presenting incremental values of the sextupole and decapole components due to the coil
magnetization effect in the second cycle. Geometrical field errors and non-linear iron saturation
effect were taken into account during ssmulation in order to obtain the correct field map but
subtracted from the presented curves. The plots indicate that the shell type magnet has a strong
persistent current effect resulting in the sextupole and decapole deviations of -20010* and
+3.5010™ respectively at 1 T field. The harmonic deviations in the common coil magnet are by
factor of 15 smaller and comparable with the yoke saturation effect. This observation might lead
to the conclusion that the block type magnets are preserved from the persistent current effect.

In order to check this assumption, two other magnet designs with the block type coils developed
at Texas A&M University [135] and BNL [136], [137] were considered. Coil cross-sections of
these magnets with the flux lines produced by the coil magnetization at 1 T bore field are shown
in Figure 4.2.5 (designs C and D). One can see a significant magnetization flux passing through
the coil apertures of both magnets that comparable with the one in the shell type magnet. It
produces the sextupole deviations of —30010™ at 1 T field. The decapole deviations are especially
largein the design C, reaching +9010 at 1 T field.
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Figure 4.2.5. Cross-sections of different magnets with magnetization flux distribution.

A cause of the large persistent current effect in these magnets is in presence of the field-forming
auxiliary coils, adjacent to the aperture. Such coils have no close boundary conditions from
below (the nearest one is their midplane) that allow spreading of magnetization flux in horizontal
direction on its way through the coil bore.

The single-layer common coil magnet does not have the auxiliary coils. The field-forming shift
of the outer coil blocks occurs at a significant distance from the coil midplane and does not
produce the multipole deviations in the good field region. In fact, the largest part of the
magnetization flux is contained within the coil package due to its ssmple, flat inner boundary.

The coil magnetization effect was analyzed in the quadrupole magnet as well. Since the first
allowed multipole is dodecapole, one can expect its deviations to be much smaller than for the
sextupole in the dipole magnets.
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Figure 4.2.7. Deviations of the decapole components as functions of the bore field.
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Figure 4.2.8 shows one octant of the quadrupole magnet used in the simulation with the
magnetization flux distribution at 44 T/m (I = 3 kA) bore gradient. The coil geometry and inner
yoke surface were assumed the same as for quadrupole magnets considered earlier. It is notable
that some part of magnetization flux, not coinciding with the quadrupole field, passes through the
coil bore and causes the multipole deviations (Figure 4.2.9). Thus, bg and b;o components reach
-6.3010™* and +0.2010™ correspondingly at the bore gradient of 40 T/m, which are smaller than
deviations of the sextupole and decapole components in the dipole magnets, yet by an order of
magnitude larger than the yoke saturation effect.

The data indicate that all the considered magnets, except the single-layer common coil design,
have a large persistent current effect. For the commercially available Nbs;Sn strands, the
maximum value of sextupole ranges from —20010* to —30010* and the maximum value of
decapole ranges from +3010* to +910™, depending on the dipole magnet geometry. Since the
superconductor magnetization is proportional to J.Des, the effect increases for the NbsSn strands
with higher J. unless D¢ i's proportionally reduced. In order to decrease the sextupole deviations
to at least 103, Der must be reduced from 120 um to 30 um.

The coil magnetization effect rapidly decreases with the ramp of the magnetic field. However,
the sextupole is larger than 102 even at B = 2 T, therefore using a pre-injector based on iron-
dominated magnets as suggested in [137] cannot solve the problem. It leads to the conclusion
that in general, the coil magnetization effect in NbsSn dipole and quadrupole magnets is the
largest distortion of the field quality, which requires a strong correction.
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Figure 4.2.8. Cross-section of the quadrupole coil with the magnetization flux.
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Figure 4.2.9. Deviations of the multipole components as functions of the bore gradient.

4.3 Passive correction of the coil magnetization effect

A study of passive correction based on ferromagnetic material was performed using the method
of numerical simulation described. The idea was in arranging the iron strips (shims) in
appropriate places in the magnet in order to correct the field deviations, generated by the cail
magnetization effect. It was assumed that the strips material has magnetic properties identical to
theiron yoke material.

4.3.1 Dipole magnets

Since the coil magnetization effect results in deviations of the allowed multipoles only — the
correcting strips must be placed according to the main field symmetry as well. There are two
places, which can be relatively easy accessed after manufacturing of the coil for installation of
the correcting strips — the inner and outer coil surfaces. Figure 4.3.1 shows the coil and strip
arrangement scheme used for simulation of these possibilities.
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Figure 4.3.1. Correcting strip arrangement.

Initialy, astrip with the angular dimension a = 7.5 degrees was installed at the outer coil surface
with R =52 mm. Its thickness 0 = 2 mm was chosen small enough in order to avoid noticeable
field map distortions. The strip azimuthal position gwas varied within O — 90 degrees with the
increment @ to obtain continuous harmonic distributions. Figure 4.3.2 presents the sextupole and
decapole deviations as functions of the strip position a 1.2 T bore field (I = 2 kA). The curves
change signs within the specified region making it possible to choose a position for their
simultaneous cancellation. An optimum strip position would be between 30 and 60 degrees,
where the sextupole is positive and the decapole is negative [138]. However, due to a large
distance from the region of interest, such strip should be about 7 mm thick if it spans the whole
30-60 degrees region in order to have a correcting effect adequate to the coil magnetization. Such
thick strip (shell) would affect the field quality at high fields due to its saturation effect, as well
as complicated the mechanica design making its implementation unreasonably difficult.

This ideawas further developed in the LHC dipole magnet [139], where the coil protective sheet
can be made from iron. Due to relatively small coil magnetization effect in the LHC NbTi
magnet, 0.5 mm thick coil protective sheet provides the adequate correcting effect for the
sextupole. However, the tuning capability of such sheet is practically limited by variation of its
thickness only since the sheet should obviously have the same radia and angular dimensions as
its stainless steel predecessor. Therefore, it does not allow simultaneous eliminating of the
sextupole and decapole components. Moreover, the thermal contraction coefficient of pure iron
is by 60 % smaller than that of the coil, when for the stainless stedl it is smaller by only 10 %.
Thus, during cooling down there would be large shear stresses generated between the coil, iron
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sheet and the stainless stedl collar, which could accidentally release enough energy to quench the
magnet.

On the other hand, installation of the correcting strips on the inner coil surface or on the beam
pipe would allow a significant reduction of their thickness and eliminated the thermal contraction
problem. To study this possibility, the strip of angular dimension a = 7.5 degrees was installed at
the outer surface of the beam pipe with R = 19.75 mm. In this case, the strip of the thickness d=
0.2 mm provided the desired effect. Figure 4.3.3 shows the multipole distributions as functions
of the strip azimuthal position. One can notice that simultaneous sextupole and decapole
cancellation can be achieved within 50 — 75 degrees region, where a strip with a = 7.5 degrees
provides adequate effect on both harmonics.

Cancellation of higher order multipoles can be done by optimization of severa strips. It was
found that two 0.14 mm thick correcting strips with azimuthal positions of @ = 39 degrees and
@ = 65 degrees and azimuthal widths a1 = 11 degrees and a, = 15 degrees provided
simultaneous correction of bz — b;. Figure 4.3.4 illustrates the strip arrangement with respect to
the coil and Figure 4.3.5 presents the sextupole and decapole distributions before and after
correction.
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Figure 4.3.2. Multipole deviations as functions of the strip position.
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Figure 4.3.5. Multipole deviations as functions of the bore field.

It is notable that the correcting strips do not significantly reduce the magnetization flux passing
through the aperture. Instead, they force the flux lines to be paraléd to the vertical axis,
decreasing the dipole component only, without affecting higher order harmonics. Thus, the strips
allow reduction of the sextupole and decapole components by factors of 7 and 3 respectively at
low fields, which makes them an attractive implementation for the NbsSn dipole magnets.

The inner and outer coil surfaces are not the only places, acceptable for installation of the
correcting strips. The strips can also be installed on the wedges, separating the coil blocks. In this
case, however, number of the design parameters is reduced to one per strip, which is the strip
thickness. Therefore, in order to eliminate several low-order harmonics and not to create
additional distortions in others, one may need to use larger number of the correcting strips than in
that of stripsinstalled inside the coil aperture.

This possibility was evaluated using a semi-analytical approach. Initially, the iron strip with
fixed 0.1 mm thickness was consequently aligned at every wedge surface of the inner coil layer
and its effect to the harmonics was computed using the finite-element code along with effect of
the coil magnetization (Figure 4.3.6). Table 4.3.1 presents the analyzed data with subtracted coil
magnetization effect for every strip position at 1.2 T bore field (Ic = 2 kA), which comprised
matrix of influence M used for analytical optimization.
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Table 4.3.1. Influence of the stripsinstalled on the wedges.

Strip Relative multipoles, 10
number b3 b5 b7 b9 b11
1 5.0738 1.9507 0.4566 0.0686 0.0025
2 5.1564 2.0228 0.4327 0.0498 -0.0047
3 6.5934 -1.5439 -0.3183 0.0828 0.0140
4 4.2915 -2.0716 0.0382 0.0930 -0.0092
5 -4.0632 -0.4280 0.3731 -0.1036 0.0187

The solution corresponding to the optimum corrector geometry was found using the Levenberg-
Marquardt method implemented in MathCad package solving the following system of equations:

1K; 20 ,101...5 forevery j[J1...5,

LKi -0

where i is the number of strip, j is the number of harmonic, K; is the scaling factor for i-th strip
thickness, P, is j-th multipole deviation due to the coil magnetization effect and H; is the desired
value of j-th multipole after correction. The last condition in the system minimized the thickness
and number of the strips. After severa iterative steps on refining values of K;, solution with three
strips per coil quadrant (numbers 2,3,5) was found. As the optimum thickness of strip 2 matched
the thickness of strip 5 with 3 % accuracy, they were set to the same value for simplification. The
strip arrangement within the coil is shown in Figure 4.3.7 and their thickness was 0.15, 0.27 and
0.15 mm from the midplane respectively. The field multipoles are presented in Figure 4.3.8. One
can see that the correcting strips installed on the coil wedges have nearly the same effect as for
the strips placed within the coil bore. Similarly to the previous case, the strips do not noticeably
reduce magnetization flux passing through the coil bore, but reshape it appropriately.

The method based on the strips installed within the coil aperture has a good flexibility. It allows
manufacturing severa correctors with a different magnetic strength and geometry and testing
them with available dipole magnets, which is beneficial at the stage of magnet R&D. However
in terms of the magnet mass production, the second approach with the strips installed on the coil
wedges is preferable as it assures automatic strip alignment during the coil winding and requires
minimum changes in coil production technology. The different thermal contraction issue can be
resolved by making cuts across the strip length as its integrity does not required. There was also
proposed a correcting method based on ferromagnetic pipe in coil aperture [140]. However, the
analysis and comparison [141] shown that such method had rather low correcting capability with
respect to the separate iron strips and allowed effective reduction of only one harmonic.

148



Y [mm]

40.0~

T

30.0

T

20.0

10.0~

080
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Figure 4.3.7. Optimized strips geometry.
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Figure 4.3.8. Multipole deviations as functions of the bore field.

4.3.2 Quadrupole magnets

A study of passive correction was performed for the quadrupole magnets as well. The correction
by strips installed on the beam pipe surface was considered first. One correcting strip with the
angular width a = 3 degrees and thickness d = 0.1 mm was aligned on the circular surface with
the radius R = 19.75 mm. The azimuthal strip position gwas varied within 0-45 degrees with a
increment.

Figure 4.3.9 presents effect of the strip on the first two alowed by the quadrupole symmetry
multipoles at the bore gradient of 44 T/m (I = 3 kA). Similarly to the dipole magnet there is a
region where bg is positive and by is negative, which makes it possible to use one strip for
correction of both harmonics. The optimum strip parameters in this case are: ¢ = 26.65 degrees,
a=4.7 degrees and o= 0.1 mm. Arrangement of the strip within the coil boreis shown in Figure
4.3.10 and its correcting effect is presented in Figure 4.3.11.

It was possible to reduce the coil magnetization effect on bg and by by factors of 7 and 3
respectively at low gradients that proves high efficiency of the passive correction for the
quadrupole magnets as well.
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Figure 4.2.11. Multipole deviations as functions of the bore gradient.

A possibility to install the correcting strips on the coil wedges was studied in away similar to the
dipole magnet. Due to smaller number of harmonics needed correction in the quadrupole magnet
and relatively small effect of the coil magnetization — only one strip per coil octant was
considered.

It was found that an optimum location of the strip is on the upper surface of the wedge in the
inner layer. The strip thickness was optimized so that its effect on bg is nearly equa to the
previously considered case. The optimum strip thickness was 0.09 mm. Arrangement of the
correcting strip inside of the coil and its effect on the field multipoles are shown in Figures
4.3.12-4.3.13.

It is notable that the correcting strip forces the magnetization flux to coincide with the
guadrupole symmetry, when it affects only the main field component. The strip does not
significantly reduce the by, field component, which is relatively small and presumably acceptable
without correction. Should one need to reduce it as well — two strips per coil octant can be
optimized for simultaneous bg and b,y compensation.
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4.4 Internal compensation of the cable magnetization

The method of passive correction of the coil magnetization effect using iron strips, placed within
the coil bore or to the coil wedges has rather good correcting capability. In this approach, a
significant distance separates the source of correcting effect from the source of unwanted
magnetization. In case of misalignment between the sources, the correcting strips can produce
additional allowed and unallowed by the coil symmetry harmonics. In addition, the number of
correcting strips growth proportionally to the number of multipoles to be corrected, making it
reasonabl e to correct only few low-order harmonics.

Another possibility of the passive correction is based on mixing the sources of magnetization and
opposite to it correcting effect. It can be achieved by equal distribution of the correcting material
within the coil, cable or strand, depending on required and technicaly achievable powers of
discretization. For instance, the correcting material can be applied on strand surfaces as a thin
film using electroplating or sputtering techniques. Alternatively, it can be implemented inside the
Rutherford type cable as a core between two layers of strands during the cable manufacturing or
between the cables during the coil winding [142].

In any of these cases one can talk about the internal compensation of the coil magnetization
effect, not affected by misalignment between the two sources, when the compensation
simultaneously occurs for all the field multipoles (for high enough discretization). Magnetic
properties of the compensating material obviously must be opposite to the properties of the
superconductor. Ideally it should be positive for the up ramp and negative for the down ramp, or
switch from paramagnetic to diamagnetic behavior depending on the ramp sign. Since there are
no magnetic materials with similar or at least close properties, one has to stick with
compensating at up ramp only that imposes using of the ferromagnetic materials.

Amount of ferromagnetic material that would compensate magnetization effect of
superconducting cable with bare area S_,,, can be determined analytically. Flux density in any

material can be expressed in terms of the field strength and magnetization:
B=p,(H+M. (4.4.0)

Assuming that the cable is made of strands with magnetization per strand M (H) and packing

factor of the strands in the cable A, one can consider ferromagnetic material with magnetization
M.(H) and packing factor Aw, which is equally distributed within the cable by some

technological process. The cable area and strands packing factor are assumed unchanged after
addition of the correcting material that is correct for relatively small amount of the added
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material. In case when vectors M and H are collinear (field pattern in the coil does not change
from cycleto cycle), the total flux density inside the cableis:

a0 =y 1 h o0 oo 1. 4

< }\fe

Since M«(H) and M¢(H) are not exactly inverse functions, the full compensation can be provided
only at some reference field H,¢. It means the flux density at H,e in the superconducting cable
with ferromagnetic materia inside should be equal to the flux density of non-magnetic material:

B(H,s) =HoH,« - (4.4.3)

Subtracting (4.4.3) from (4.4.2) at H = H,« one can find the packing factor of ferromagnetic
material inside of the cable:
M sc (H ref I\ sc)

A=A 0 . 444
fe > I\/Ife(Href /}\fe) ( )

The amount of ferromagnetic material was calculated using the reference magnetization curve of
the NbsSn strand in the second cycle (Figure 4.1.1). As a reference field was taken poHe =
3.7 T, when Mg, = -0.073 T. Ferromagnetic coating had magnetic properties of steel used for the
magnet iron yokes, with saturation magnetization Mg = 2.12 T (Figure 2.2.1). Packing factor of
the strands within the Rutherford type cable, used in the shell type magnets is A« = 0.88. Then
the packing factor of ferromagnetic material within the cable is A, = 0.030 or just 3.0 %.

Figure 4.4.1 illustrates the magnetization curves after applying of the relevant packing factors. It
is notable that the iron can be treated as a material with constant magnetization for fields higher
than ~ 0.2 T. Thus, it shifts the superconductor magnetization curve by a constant value A;eMse
that is truly beneficial for correction of the coil magnetization effect at low fields. However, the
coil magnetization virtually vanishes at high fields, while ferromagnetic still generates the same
AeMie, l€ading to overcompensation. A way to avoid this problem is discussed in next paragraph.

If the cable consists of N strands with the diameter Dg,, and the ferromagnetic materia is
introduced using the strands coating, the thickness of such coating would be:

\/4D\If\7 éfcable + Dsztr - Dstr
Afe = > . (4.4.5)
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Figure 4.4.1. Superconductor and iron magnetization as function of the applied field.

For the Rutherford cable used in the shell type magnets, the cable area is Sape = 25.6 mm? and
the thickness of the strand coating is 8.6 microns for compensation of the superconductor
magnetization at fH e = 3.7 T.

If the ferromagnetic material is introduced as a foil core inside the cable — cross-section area of
the core must be:

Ste = A te Bgpre

giving is 0.77 mm? for the specified cable area. Thusif the core width, for example, equals to the
cable width its thickness must be 54 um.

One should notice that the above estimations are based on the assumption that the field
distribution within the cable and coil is uniform. In reality, the field varies from the peak value in
the pole turn to almost zero in the midplane block of the outer layer. Therefore, ideally every turn
in the coil requires different amounts of the ferromagnetic material to eliminate its
magnetization, otherwise leading to non-uniform compensation of the magnetization and
harmonics. Practically it would be difficult to accomplish, especially in the case with
ferromagnetic core inside the cable, when two layers of the coil are wound from one piece of the
cable without the interlayer splice.
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To confirm a possibility of compensation the coil magnetization effect by iron core of uniform
thickness inside the cable, a finite element OPERA2D model based on the optimized shell-type
dipole magnet was analyzed. Width of the cable core in this model was assumed equal to the
cable width and its thickness was optimized in order to have zero integral effect on the sextupole
component at tioHre = 3.7 T. The optimum thickness was 57 um. This number is by 5 % larger
than the one determined analytically, obviously due to the non-uniform coil magnetization.
However, the difference is not too large that alows using the analytical approach for a fast
estimation of the compensating effect.

Figure 4.4.2 shows the model geometry with the magnetization flux lines and Figure 4.4.3
presents distribution of the field multipoles. The correction capability for the sextupole
component is essentially the same as with the strips inside the aperture, when there is virtually no
effect on the decapole. This is due to the uniform distribution of ferromagnetic materials in the
cables, when there is only one power of freedom during optimization (strip thickness), making it
possible to effectively eliminate only one harmonic. However, taking into account relatively
small deviations of the decapole component, one can consider this method as effective for
reduction of the coil magnetization effect as the strips installed on beam pipe or on the coil
wedges. There is also a possibility of introduction ferromagnetic material inside of the coil
during winding in form of the iron strips between the cables with equal efficiency [142].
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Figure 4.4.2. Compensation of the coil magnetization by iron core inside the cable.
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Figure 4.4.3. Multipole deviations as functions of the bore field.

4.5 Combination of the passive correction with the coil geometry optimization

The data presented in previous paragraphs show that the passive correction of the coil
magnetization effect is effective at low fields. However, it makes a positive overcompensation at
high fields that may need a correction itself. To understand efficiency of the passive correction
within the operating field range, it is convenient to represent multipoles in absolute units, where
the active corrector strength isastraight line, parallel to the horizontal axis.

Figure 4.5.1 illustrates the sextupole curves with and without the passive correction (by strips
inside the cable) as well as the active corrector contribution. The active sextupole corrector
should have the maximum strength of Bs = +1 mT/cm? in order to eliminate the sextupole
component, remaining after the passive correction within 1 - 11 T field region. The active
corrector has to work in the bipolar mode, which is not well-suited regime for the
superconducting magnet. In addition, the maximum active corrector strength is driven by the
passive overcompensation at high fields. Nonetheless, just the passive correction itself allows
reduction of the active corrector strength by factor of 2.8 with respect to the non-corrected case
that proves its efficiency. Furthermore, as follows from Figure 4.5.1, the positive part of the
corrected sextupole curve can be quite well approximated by a straight line. Since geometrical
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multipoles (defined by the coil geometry) in absolute units are the straight lines, proportional to
the field - a cancellation of the linear sextupole part a high fields can be accomplished by
introducing an appropriate geometrical harmonic.

Figure 4.5.2 shows the result of introduction the geometrical sextupole (bs = -0.86110%), which
virtually eliminates the magnetization sextupole for fields above 6 T. Then the required
maximum of the active sextupole corrector strength is reduced to B; = 0.6 mT/cm?. In this case
the active corrector does not reverse polarity and can be switched off after the field reaches6 T.

The geometrical correction was also considered for the case without the passive correction.
Figure 4.5.3 shows result of introduction the geometrical sextupole (bs = 0.6610) that cancels
the non-corrected sextupole at 11 T field. The minimum on the sextupole curve at low fields
virtually does not change due to a small effect of the geometrical component at low field.

Finally, Figure 4.5.4 presents the sextupole deviations corrected geometricaly in one case and
using combination of geometrical and passive corrections in another. One can see that in the case
with passive and geometrical correction the maximum strength of the active sextupole corrector
is by factor of 4.5 smaller than in the case with the geometrical only correction. In addition, the
active corrector has to operate in 1-6 T region in the case with passive correction and in 1-11 T
region in the case without passive correction.
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—&— with passive correction |_
——active correction

8
Figure 4.5.1. Absolute sextupole components as functions of the bore field.
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These observations prove high efficiency of the proposed passive correction method of the cail
magnetization effect that along with the coil geometry optimization offers considerable
improvement of the field quality.

4.6 Sensitivity analysis of the passive correctors

Small distance between the passive corrector and the good field region makes proper alignment
of the corrector an important issue. In order to evaluate acceptable tolerances on alignment,
depending on the corrector configuration, a sensitivity analysis using OPERA2D code was
performed [143]. The bore field was chosen close to the minimum on sextupole curve (1.2 T),
where the corrector is most required.

The passive corrector installed within the coil aperture with the nominal configuration described
in paragraph 4.3.1 was considered first. Tables 4.6.1-4.6.2 show the multipole sensitivity to the
major symmetrical (one-quadrant symmetry) and asymmetrical misalignments between the
corrector and the coil. The field is most sensitive to the thickness of the strips, which should be
controlled with better than 7 um (or 3 % of strip thickness) accuracy in order to keep the
sextupole deviations within 10,
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Table 4.6.1. Multipole increments due to the corrector symmetric misalignment.

Errorsin position Increment in multipoles, 10*/mm
Ab3 Aas
Azimuthal 3.4 0.2
Radial 2.5 4.4
Strip width 7.2 24
Strip thickness 179.0 74.2

Table 4.6.2. Multipole increments due to the corrector asymmetric misalignment.

Errorsin Increment in multipoles, 10*/mm

position Ab, | Abs | Abs | Abs | Aoy | day | Adag | das | Adas
Pipe horizontal 74 | 024 | 1.32 | 0.24 0 0 0 0 0
Pipe vertical 0 0 0 0 0 7.4 0 1.08 0
Pipe azimuthal 0 0.32 0 0.1 | 0.90 0 6.24 0 0.78
Onestripangular | 05 | 0.72 | 1.00 | 0.20 | 0.08 | 1.04 | 0.96 | 0.18 | 0.74

It does not look like a serious restriction since there are foils available on the market from
different manufacturers rolled down with better than 1 um precision. The strip width should be
controlled with better than 0.1 mm accuracy that also looks easy to accomplish. Azimutha and
radial strip alignment should be set with better than 0.2 mm and 0.1 mm accuracy for the
symmetric displacements and better than 0.1 mm for the asymmetric. Meeting these
requirements can be a problem for a long magnet, where the corrector position is controlled only
at the magnet ends. However, this problem can be overcome by attaching the strips to the inner
coil surface, which is to be controlled with better than 50 um accuracy due to the geometrical
field quality requirements.

In case of the strips installed on the coil wedges or inside (outside) the cables, the proper
alignment is automatically achieved by controlling the coil geometry. Moreover, deviations of
unallowed magnetization multipoles in case of the coil block misplacements would be cancelled
by the proportional misplacements of the correcting strips, since sources of magnetizing and
correcting effects are mechanicaly linked together. Thus, possible errors in these cases are
reduced to variations of the strip thickness only. Sensitivity of the sextupole component to the
strip thickness variation inside of the cable is Abs = 414010 1/mm that is a factor of two larger
than for the strips installed in the aperture. The tolerance on the strip thicknessin this case is 2.5
pm (or 4 % of the strip thickness), which is acceptable.

Field sensitivity to variation of the strip magnetic properties was estimated by introducing the
anisotropy (different magnetization along and across the strip cross-section) for the strip
material. In many cases, the magnetization along the sheet of the foil is close to the one for a
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bulk material, when the magnetization across depends on the amount of applied “cold” work. For
the rolled down foilsit can be by factor of 3+5 smaller than magnetization along the strip.

The case when passive corrector is made of material with a ratio of magnetization along over
across the strip of 1/0.2 was considered for the corrector inside the coil aperture. Deviations of
the sextupole and decapole components with respect to the case with the isotropic material were
Abs = 0.81010™* and Abs = 1.40010™*. The decapole deviations exceed 10 threshold. Nevertheless,
the known material anisotropy can be easily taken into account during corrector optimization
leaving only a question about variations of magnetic properties from one roll of foil to another. A
relatively small amount of corrector material required for 233 km VLHC ring (~25 tons in case
of corrector inside the coil aperture and ~250 tons when it is inside the cable) makes it possible
to produce from a single or low number of casts that would ensure equal magnetic propertiesin
all the strips.

4.7 Summary

Results of analysis the coil magnetization effect and methods of its passive correction can be
summarized as follows:

» Considered and numerically verified the method of simulation the coil magnetization effect,
based on the finite-element code, which alows precise simulation of all the magnetic
elements. Using this method, there was performed analysis of the coil magnetization effect
in different magnet designs.

* Anaysis of the coil magnetization effect in the dipole and quadrupole magnets has
demonstrated that for commercially available NbsSn strands, the coil magnetization effect
exceeds other distortions (such as the iron saturation effect) by factor of 10-30. Expected
reduction of the effective filament diameter to an order of 30-40 um will not lead to an
essential reduction of the magnetization due to the current density increase. It proves a
necessity of development methods for the correction of the coil magnetization effect.

* It was found that the reason of large coil magnetization effect in the dipole magnets of
TAMU and BNL isin presence of the auxiliary coils, adjacent to the aperture. Flat boundary
of the iron yoke, paralel to the horizontal axis does not eliminate the coil magnetization
flux, flowing through the aperture and therefore does not improve the field quality.

*  Proposed simple, effective and cheap methods of passive correction the coil magnetization
effect, base on thin iron strips. Considered and numerically verified possibilities of
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installation the passive corrector inside of the aperture, outside of the coil and on the coil
wedges. The passive correctors were parametrically studied that allows designing of the
corrector geometry depending on the necessary effect. Demonstrated that the most efficient
is the corrector inside the aperture, which provides the adequate effect at the minimum self
volume. However, the post precise is the corrector on the coil wedges, whose proper
geometry is automatically creates during coil manufacturing.

Proposed an aternative method of the passive compensation the coil magnetization effect
using ferromagnetic material. The iron strips, introduced inside of the cable or between the
cables produce effect on the sextupole component, equal to the corrector inside the aperture.
Compensation of the coil magnetization effect can be conveniently combined with reduction
of the eddy currents, choosing the ferromagnetic core material with high specific resistance.
In this case, there is automatic corrector alignment during coil fabrication as well.

It was shown that using the proposed methods of the passive correction, strength of an
additional active sextupole corrector reduces by a factor of 2.8. In this case, strength of the
active corrector is driven by the passive overcompensation at high fields. Proposed the
method, further enhancing the passive corrector effect by small adjustment of the coil
geometry, which along with the passive correction provides reduction of the active corrector
strength by factor of 4.7. In this case, participation of the active corrector is not required
starting from 6 T field.

The sensitivity analysis demonstrated that the field quality is most sensitive to the strip
thickness variation, which in case of the corrector inside the aperture should be
manufactured with better than 7 um accuracy on order to keep the field quality within 10,
The strip width and corrector position variations should not exceed 0.1-0.2 mm, depending
on the displacement. The ferromagnetic strip inside the cable should be made with better
than 2.5 um accuracy. Magnetic properties of the material can be controlled well due to its
relatively small amount.
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CHAPTER 5. DEVELOPMENT AND TEST OF SHORT NB3SN DIPOLE MODELS

5.1 Introduction

A series of short dipole models have been built and tested at Fermilab in order to optimize the
manufacturing technology, determine reproducibility of the magnet performance and verify the
calculation results. All the magnets were based on the two-layer shell type coils with 43.5 mm
bore diameter described in Chapter 1 and the single bore yoke geometry described in Chapter 3.

The coil ends were optimized by the code BEND [144] in order to minimize internal stressesin
cables at the coil ends [145]. Optimization of the coil ends for minimum integral field harmonics
have not been done for these models, but foreseen in the future.

5.2 Magnet 3D simulation and optimization

Due to the cost saving reasons, the short models should have the smallest possible length without
affecting the field quality in the magnet straight section. In addition, the coil peak field, which
determines the magnet quench performance should be within the straight section and not in the
coil ends in order for the magnet to work at its maximum efficiency. It forced using of finite-
element code OPERA3D for simulation and optimization of the coil and yoke geometry.

A preliminary coil length of 1 m (shoe to shoe) was chosen. The coil 3D geometry used in the
simulation is presented in Figure 5.2.1 along with the right Cartesian coordinate system for the
field representation (origin is at the coil geometrical center). A particular attention was paid on
precise simulation of the coil ends and transition from the inner to outer layer.

At the first step, the field distribution was calculated at 18 kA current for different yoke lengths.
Figure 5.2.2 shows the peak field distributions along the inner pole turn in the coil return end
(field in the lead end is smaller) as functions of the longitudinal coordinate for different half-
yoke lengths. The maximum field in the coil end occurs at zero yoke length due to a lack of the
iron contribution in the magnet straight section and also prevails for long yoke lengths due to
larger contribution of the yoke in coil ends. Obvioudly, it is preferable to have longest possible
yoke length, while the peak field occurs within the straight section.

Figure 5.2.3 shows the peak field distribution as a function of the half-yoke length. One can see
that for the iron yoke longer than 690 mm, the peak field in return end becomes larger than in the
straight section. Thus, it was considered as an upper boundary for the iron yoke length, which
should not be exceeded. The yoke length fixed set at 600 mm, providing 8 % peak field margin.
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Figure 5.2.1. Coil 3D geometry.

115 +-—-—------ oo BT et
——No iron =——70mm

—A—170mm =—0—220mm
=—=270mm =——310mm

11.0 A SGQmm

1Bl T

Figure 5.2.2 Peak fields as functions of the longitudinal coordinate.
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Figure 5.2.3. Peak fields as a function of the yoke half-length.

Figure 5.2.4 shows the magnet 3D geometry with the chosen yoke length (one yoke quadrant is
removed for clarity) and the flux density distribution in the iron at 18 kA current. Although 3D
field quality optimization was not a goa at this stage of R&D, it was necessary to determine the
field quality for comparison with results of magnetic measurements. The 3D finite-element
model with optimized iron yoke length was used for this purpose. Since the field quality
simulation required higher accuracy than for the peak field simulations, several iterations on
verifying accuracy of the field calculations and refinement the model were performed. The first
iterations established the element subdivisions in the central part by comparison of harmonics
between 2D and 3D simulations in the XY plane (Z=0). Then the subdivisions in the coil end
regions were found by comparison of longitudinal harmonics in 3D cases without iron yoke,
calculated by integration of the conductor field (anaytically) and from the finite-element mesh.
A general accuracy of better than 10™ was achieved along the coil bore, which was considered
precise enough for this type of simulation.

Figure 5.2.5 presents distribution of the dipole field component in longitudina direction and
Figures 5.2.6-5.2.7 show the low order geometrica harmonics, related to the dipole field
component a Z=0 and 1 kA current. Table 5.2.1 summarizes the integrated longitudinal
harmonics, normalized by the model magnetic length of 809.38 mm.
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Figure 5.2.4. The magnet 3D finite-element model.

skew multipoles. In addition, the cable bending at both coil ends produced deviations in normal
harmonics. Thus, integrated skew dipole and normal sextuple components reach 22010* and
17110 respectively for 1 m long model. In case of alonger model they would be proportionally
smaller, still reaching ~10 for the magnet length of 15-20 m. Therefore, optimization of 3D

One can see that the top-bottom asymmetry in the coil lead end causes unallowed in 2D case
coil geometry will be necessary to improve the integral field quality.
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Figure 5.2.6 Skew dipole and sextupole deviations in longitudinal direction.
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Figure 5.2.7 Skew sextupole and decapole deviations in longitudinal direction.

Table5.2.1 Integral field harmonics.

Harmonic # an, 10 b,, 10
1 22.18 10000.000
2 - -

3 1.43 17.08
4 - -
5 0.68 -0.65
6 - -
7 0.26 -0.11
8 - -
9 -0.01 -0.07
10 - -
11 0.00 0.04

5.3 Magnet fabrication

Two 1-m long Nb3Sn dipole models (HFDAO2 and HFDAO3) based on the optimized shell type
coil with 43.5 mm bore and 600 mm long iron yoke have been fabricated at Fermilab. All major
steps of fabrication process are described in [146], [147], [148].
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The reacted and impregnated coils were mechanically supported by a vertically split iron yoke,
locked by two aluminum clamps and surrounded by 8 mm thick stainless steel skin. The clamps
provided the initial preload to the coils and aided in the yoke assembly. Both the clamps and the
skin provide the final coil prestress at a room temperature. The space between the coils and the
yoke was spanned by 8 mm aluminum spacers. Thick (50 mm) end plates were used to restrict
the longitudinal coil motion under the electromagnetic forces.

NbsSn strand and cable parameters used in the model are listed in Chapter 1. The conductor was
manufactured by OST using the Modified Jelly Roll (MJR) process. Keystoned Rutherford type
cable with stainless steel core was manufactured at LBNL. The cable was wrapped with a
ceramic tape from CTD using 50 % overlap. The nominal thickness of the cable insulation was
250 pum. An inorganic ceramic matrix was then applied to the insulated cable by rollers and
cured at 80 °C during 20 min. This step resulted in the cable with a strong insulation [149].

The coil end parts and pole pieces were made out of aluminum-silicon bronze. This material was
chosen because its melting temperature is high enough to withstand the reaction cycle and its
thermal contraction coefficient is similar to that of the coil in the azimuthal direction. The end
parts were designed using the code BEND. Those were fabricated at LBNL by 6-axis EDM
machine [145] for the first magnet and at an outside company using the water jet machine with
the jet nozzle diameter 1.07 mm and the water pressure 378 MPa for the following magnets.
Figure 5.3.1 shows the end parts of the inner coil layer produced by the water jet.

Each half-coil, consisting of 24 turns was wound from a single piece of cable without the
interlayer splice. Fig. 5.3.2 shows the compl ete half-coil after winding. After winding, each layer
was painted with liquid ceramic matrix and cured for 30 minutes at 150 °C. The coil ground
insulation consisted of two 0.25 mm layers of the ceramic cloth. There were two 25 um stainless
steel strip heaters per coil quadrant, installed between the layers of ground insulation.

Two manufactured half-coils were assembled around a stainless steel mandrel along with the
ground insulation and placed into the reaction fixture, shown in Figure 5.3.3. The lead cable ends
were welded to prevent tin from leaking during the reaction. The leads were aso supported
during reaction to avoid any motion. The reaction fixture was assembled with the retort and then
placed in the furnace. The retort was pumped out for several hours and later purged with Argon.

The reaction process followed three steps, summarized in Table 5.3.1. The NbsSn to NbTi
splicing between the half-coils was performed when the coil assembly was inside the reaction
fixture. In order to increase the splice quality, it was placed inside 0.125 mm copper cage. The
splice length was equal to 125 mm. The NbsSn leads and the splice cables were supported to
prevent any possible damage. Figure 5.3.4 shows the reacted coil spliced to the NbTi cables.
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Figure 5.3.1. Coil end parts.

Figure 5.3.2. Half-coil after winding.
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Figure 5.3.3. Coil in the reaction fixture.

Figure 5.3.4. Cail after splicing.
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Table 5.3.1 Coil reaction steps.

Step Ramp Rate, | Temperature, | Dwell Time,
°C/hr °C hr
1 25 210 100
2 50 340 48
3 75 650 180

After the splice joints were made, the coil assembly was transferred from the reaction to the
impregnation fixture. The rollover tooling was used to facilitate this process. The stainless steel
mandrel used during the reaction was removed and the Teflon mandrel was installed in its place.
Since the thermal expansion coefficient of the Teflon is more than that of the coil, the mandrel
diameter was chosen such that during curing it would expand to fill the whole aperture. The cail
was impregnated by CTD-101K epoxy during 5 hours at the temperature 60 °C. The epoxy
volume, residing in the coil after impregnation was 1.2 liters. Figure 5.3.5 shows the
impregnation fixture with the coil inside and Figure 5.3.6 shows the impregnated coil.

The impregnated coil and various magnet elements were instrumented with gauges to measure
stresses during the magnet assembly and operation. One outer pole piece on each half-coil was
mold released before epoxy impregnation so that it could be removed. Modified outer pole pieces
instrumented with capacitance gauges were placed at these locations. Aluminum spacers between
the coil and yoke, clamps and skin were instrumented with the resistive gauges.

The coil and yoke were assembled in the contact tooling. The yoke halves were then compressed
vertically in a press and the aluminum clamps were inserted from the sides. After that the pump
pressure was released, the assembly sprang back to an equilibrium position. Figure 5.3.7
illustrates yoked magnet with the clampsinstalled in place.

At the next step, two skin halves assembled around the yoke were compressed by a vertical press
for automatic welding. The necessary stress in the coil was reached after several welding passes.
The mean azimuthal stress in the skin was about 180 MPa. The ends of the skins were cut to the
right dimensions after welding. The end plates were then welded at both lead and return ends to
provide axial support to the cails.

The bullet gauges were instaled on the end plates of the lead and return ends. Five resistive
gauges were aso installed along the magnet skin to measure the longitudinal stresses. The last
mechanical assembly involved the half-coil splicing. The outer layer leads from both half-coils
were spliced together and captured in a G-10 box. The inner layer |eads were used for the magnet
powering. Figure 5.3.8 presents completed magnet assembly, ready for shipment to the test
facility.
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Figure 5.3.6. Cail after impregnation.
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Figure 5.3.7. Y oke assembly.

Figure 5.3.8. Completed magnet assembly.
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5.4 Testing and comparison with calculations

The magnets were tested at the Fermilab Vertical Magnet Test Facility (VMTF). Figure 5.4.1
shows the magnet in assembly with suspension, current leads, cryostat top head and
instrumentation tree.

Figure 5.4.1 Magnet prepared for testing.
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The magnets were tested in a boiling liquid helium at 4.5 K. HFDAO2 had voltage taps installed
on each half-coil and across al the NbsSn/NbTi splices [150]. There were two taps added in
HFDAO3 in order to detect quenches in the inner and outer layer of each half-coil [151].

Coil azimutha stresses and longitudinal end forces in both models were measured during
fabrication and cold tests at each excitation cycle using the resistive and capacitance gauges.
Azimutha coil prestress and longitudinal end prestress remained after cooling to 4.5 K. The
strain gauge data did not indicate unloading of the coils up to the maximum reached currents.
The coil deformation due to the el ectromagnetic force was el astic throughout the tested range.

Quench performances at 4.5 K for HFDAO2 and HFDAO3 are presented in Figure 5.4.2. The
guench performance of both magnets was very similar. The maximum achieved current was less
than 10 kA, which is a factor of two smaller than the expected magnet critical current. The
magnets were excited with different current ramp rates within 20 A/s to 500 A/s range. No
noticeabl e effect of the ramp rate on the magnet quench performance was found.
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Figure 5.4.2. Magnets quench behavior.

All the quenches in both magnets occurred in the NbsSn coil leads near the splices with NbTi
cables, which was confirmed by the voltage tap signals [151]. The quenches never occurred in
the magnet coils. The most probable reason of the observed quench behavior was in mechanical
damage of the NbsSn cable during splicing procedure.
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5.4.1“Warm” geometrical harmonics

The warm magnetic measurements were performed at a room temperature in order to obtain the
field quality of the “as build” magnet. Two measurement systems were used. The first one was
used before final splicing of the coil leads at the assembly bench. It was based on a rotating coil
probe (mole), 1 m long and 25 mm in diameter. The probe had 5 windings on its G10 mandrel:
two orthogonal dipole, two orthogonal quadrupole and one tangential. It was driven with a speed
of 0.3 rotations per second by the electrical motor implemented in the mole body. The second,
vertical drive rotating coil system was set up above VMTF cryostat and utilized 250 mm long
probe coil with 25 mm diameter. It had a tangential winding for measurement of higher order
harmonics as well as dedicated dipole and quadrupole windings for measurements of low order
harmonics, similar to the mole probe. Those windings aso allowed bucking of the large dipole
component in the main coil signal.

Generated coil voltages were sampled and read 128 times per rotation using HP3458 digital
voltmeters (DVM). An additional DVM was used to monitor the magnet current. DVMs were
triggered simultaneously by an angular encoder on the probe shaft, synchronizing measurements
of the field and current. A centering correction was performed in assumption that the unallowed
by dipole symmetry ag and bg harmonics are zero and there was no skew dipole component
(twist). The magnets were energized by a small (10 A) current that changed the polarity once at
every probe position in order to cancel possible weak fields (Earth field, remanent yoke
magnetization, etc.), not related to the magnet current.

Figures 5.4.3-5.4.7 show the transfer function and low order harmonic distributions along the
magnet. For an easiest comparison, al the measured data were transformed into coordinate
system used in the calculations (Figure 5.1.1) and normalized by the measured dipole field
component at the magnet center. Since the acquisition system had longitudinal “resolution” equal
to the probe length and (in fact) integrated harmonics aong this length, the calculated data were
integrated between corresponding points as well. The measured transfer function matches well
with calculations. There is a small (25 mm) longitudinal shift between the calculated and
measured distributions of the transfer function in HFDAQ2 due to uncertainty in establishing the
VMTF coordinate system. It was corrected during HFDAO3 measurements. The transfer function
value, measured in magnet body by the mole is ~20% smaller than the value measured by the
vertical probe that isaresult of large difference in probe lengths used in the two systems.

There are large deviations in the measured allowed and unallowed harmonics. The harmonics
noticeably change within the magnet body (Z = (-25; 175)), where they should be constant.
Thus, the quadrupole and sextupole vary by ~12010* and ~9[10™ respectively in both magnets.
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Figure 5.4.3. Longitudinal deviations of the transfer function.
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Figure 5.4.4. Longitudinal deviations of the normal quadrupole.
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Figure 5.4.7. Longitudinal deviations of the skew sextupole.

Such big changes in harmonics over the straight section could not be explained by the errors in
the conductor position, as it would not comply with the used production technology. The reason
of large harmonics was understood after the “cold” measurements, described in the next

paragraph.

5.4.2 " Cold” geometrical harmonics

The “cold” magnetic measurements were performed after cooling the magnets to 4.5 K.
Measurements at the magnet body were done in both magnets and longitudinal Z-scan was done
in HFDAOQ3 at the same points as during the warm magnetic measurements. The procedure of
measurements and following analysis was different from the warm magnetic measurements due
to alarge coil magnetization effect.

In order to obtain the correct values of geometrica harmonics it was necessary to make
measurements at every current and Z-position twice: during the current up-ramp and down-ramp.
Mean values between the two measurements would provide the correct harmonics, relevant to
the coil geometry. The maximum current was limited by the magnet quench performance at
8000 A.
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In order to avoid a non complete superconductor re-magnetization, the following current change
sequence was used: 0 - 5000 - 0 - 3000 - 5000 - 7000 - 5000 - 3000 - 0 A, where the magnetic
measurements were performed at 3000 A and 5000 A on the up-ramp and down-ramp. Figures
5.4.8-5.4.12 show the transfer function and multipole distributions in longitudinal direction and
Table 5.4.1 summarizes the geometrical harmonicsin the magnet body at 3000 A current.

There are deviations of the measured harmonics from the calculated values in the magnet body.
However, the harmonic distributions are essentially better with respect to the warm
measurements. Thus, the low order harmonics were improved by a factor of 3-5. This
observation allows concluding that there was some undefined magnetic object (UMO) in the
system, which affected the field quality at low currents, but disappeared at higher currents. Such
object could presumably be the anti-cryostat stainless steel pipe or the stainless steel core inside
of the cable, which could attain some magnetic properties during manufacturing.

In addition, shapes of the measured curves have a clear correlation with the calculated ones. It
proves an essential correctness of the coil geometry, while the harmonic offset in the magnet
center can be satisfactory well explained by the coil production technology [150]. Obviously, the
technology has to be improved in order to achieve the necessary field quality.
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Figure 5.4.8. Longitudinal deviations of the transfer function.
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Table 5.4.1. Geometrical harmonics in the magnet body at 3000 A.

N Calculated HFDAQ2 HFDAO3
bn Oan,bn In bn In bn

2 - 1.20 -9.6 -4.1 1.93 7.13
3 0.00 0.56 0.2 -40 | -0.81 | -2.36
4 - 0.28 -11 -04 | -0.75 | 0.9
5 0.00 0.10 -0.3 0.0 -0.04 | -0.53
6 - 0.05 0.3 0.0 0.03 | -0.12
7 0.00 0.02 0.1 0.1 -0.03 | 0.04
8 - 0.01 - - - -

9 -0.09 | 0.00 0.2 -02 | -0.04 | -0.01

5.4.3 Persistent current effect

The magnet models were tested in a cycling mode at the current ramp rate of 20 A/s in order to
determine the persistent current effect. The current was changed from zero to 8000 A and back to
zero three times and measurements were made in center of the magnet straight section (Z = 75
mm) by the vertical rotating probe. In order to make a correct comparison between the measured
and calculated hysteresis loops, al the other effects, affecting the field quality had to be
subtracted.

Figures 5.4.13-5.4.14 show averaged between the three cycles and calculated hysteresis loops of
the sextupole and decapole components, their mean values and the difference between the mean
values that represents effect of UMO (that for simplicity also included constant geometrical
harmonics) in the system. Extrapolated (by a 5™ power polynom) to zero values of sextupole and
decapole components match well with results of the warm magnetic measurements, which proves
consistency of such model.

There is unpredicted by UMO model linear drop in the sextupole starting from ~3 T field that
can be explained by a non-complete coil re-magnetization after switching from the up-ramp to
down-ramp. The superconductor magnetization used in simulation of the persistent current effect
was measured for the relevant virgin strands at the Fermilab Short Sample Test Facility [97]. In
order to represent the real cable magnetization it was adjusted with assumption of the critical
current degradation Kqeg = 10 % and the strand packing factor As, = 0.88 according to:

H
M(H)=M ——
( ) measured(‘J'O )\strKdeg

] |]‘str Kdeg'
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5.4.4 Corrector of the persistent current effect

The proposed persistent current corrector with the “strips on the pipe” geometry was produced
and installed inside the HFDAO2 coil bore between two thermal cycles. For simplicity of
construction, the corrector was optimized with only one 15.85x0.1 mm iron strip per coil
quadrant, providing a positive effect on the sextupole and decapol e components.

The strips were installed between several layers of epoxy-impregnated fiberglass tape at 21.4
mm radius and 55.2 degrees azimuthal positions from the coil midplane to the strip center.
Afterwards, the corrector was cured at ~120 °C that formed arigid G10 pipe with implemented
iron stripsinside.

Figure 5.4.15 shows the corrector after curing. Figures 5.4.16-5.4.17 show normalized sextupole
and decapol e loops (with subtracted UMO effect) measured in the second cycle and cal culated.

Figure 5.4.15. Passive corrector of the persistent current effect.
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Thereis alarge persistent current effect, which produces significant field quality deterioration at
small fields. The measured and calculated curves match with 5 % accuracy at the fields above
15T for the sextupole and 1 T for the decapole at the up-ramp and down-ramp. The difference
at fields below 1.5 T can be explaned by a non-complete field penetration inside the
superconductor due to a short measurement cycle. Thus there was a significant fraction of the
coil working on magnetization curve of the first (virgin) or intermediate cycle that has lower
magnetization minimum than the second cycle curve. It results in lower sextupole and higher
decapole values than was cal culated in assumption of the whole coil working on the second cycle
curve. The difference at low fields would be smaller for the nominal (0+11 T) cycle.

Table 5.4.2 summarizes the correcting effect of the persistent current corrector on the sextupole
and decapole components. It was defined as the ratios between incremental values of the non-
corrected and corrected harmonics within Bye+4 T field range, where Bpea is the field at the
harmonic peaks.

There is clear positive correcting effect on both harmonics, which considerably improves the
magnet field quality. The differences between calculated and measured correcting effects for the
sextupole and decapole can be explained by deviations from the designed geometry in the hand-
made corrector and smaller than was expected saturation magnetization of the strip material (it
was not purposely measured for the relevant strips).
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Figure 5.4.16. Normalized sextupole hysteresis as functions of the bore field.
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Figure 5.4.17. Normalized decapol e hysteresis as functions of the bore field.
Table 5.4.2. Correcting effect of the passive corrector.
Harmonic Before correction After correction Correcting factor
calculated | measured | calculated | measured | calculated | measured
Abs 20.2 28.5 6.6 11.4 3.1 2.5
Abs 4.2 4.4 2.7 2.9 1.6 1.5

5.4.5 Eddy current effect

NbsSn magnets fabricated by the “wind and react” technique usually show a large eddy current
effects due to a small strand crossover resistance, created during coil reaction [152]. To increase
the crossover resistance, the cable in both magnets had a 25 pum stainless steel core inside. The
magnets were tested at different ramp rates in order to determine influence of the eddy currents
on the field quality. Figures 5.4.18-5.4.19 show sextupole and decapole components (with
subtracted UMO contribution) measured at current ramp rates of 20 A/s and 80 A/s in the magnet
center. Thereis no visible ramp rate dependence in harmonics within 20-80 A/s range that proves
high efficiency of the stainless steel core for increase of the strand crossover resistance.
However, there was observed large, unexpected ramp rate dependence in the magnet transfer
function (or the main field component), shown in Figure 5.4.20. The eddy currents in the coil
could not explain it, as they would necessarily produce deviationsin all other allowed harmonics.

190



T

B

Figure 5.4.18. The sextupole component at different ramp rates.

T

B

Figure 5.4.19. The decapole component at different ramp rates.
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Figure 5.4.20. The transfer function at different ramp rates.

In order to determine source of the eddy current effect, the ramp process was simulated in afinite
element model using the transient analysis module of OPERA2D. All the elements with
essentialy low specific resistance were assigned corresponding properties and current sharing
laws. Thus, the specific resistance was assumed to be 810'° Ohmih for aluminum and
3.5010"° Ohmith for aluminum bronze at 4.2 K temperature.

The coil current was changed with the constant ramp rate of 80 A/s during simulation. In one
case two aluminum shells were electrically connected in the pole region, in another case they
were disconnected. Such models were expected to estimate the upper and lower boundary of the
eddy current effect, since simulation of a precisely “as built” model would be complicated due to
unknown value of the contact resistance between the two shells.

Figure 5.4.21 shows the eddy current density within aluminum bronze wedges and aluminum
shells for the considered cases of electrical connection between the shells. The eddy currentsin
both cases have maximum density in the aluminum shells, which are the primary reason for the
ramp rate dependence in the transfer function. There was no ramp rate dependence in harmonics
found during simulations nor the measurements that explains by the fact that the dipole field
ramp generates close to the cosine-theta current distribution in the solid cylindrical aluminum
shell. The induced current produces the dipole-only component of the opposite to the main field
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sign. In case of the split spacer, the changing dipole field generates two dipole-like current
distributions of the opposite sign that partially cancel effect of each other, having smaller effect
on the transfer function than in the solid case. Figure 5.4.22 illustrates difference in the transfer
function during the up-ramps at 20 A/s and 80 A/s measured and calculated in two models.
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Figure 5.4.21. Eddy current density in cases of solid (left) and split (right) spacers.
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Figure 5.4.22. Differences in transfer functions between ramps with 20 A/sand 80 A/s.
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The measured dependence lays between the calculated for two models curves. It proves validity
of the assumption that the aluminum spacer outside of the coil isthe maor cause of the ramp-rate
dependence in the transfer function. There is a contact resistance between two aluminum shells,
larger than the resistance of pure aluminum. Calculations show that a good electrical insulation
between the shells could reduce the effect in transfer function by factor of two.

5.4.6 Field decay and the“ snap back” effect

It is known that most of the NbTi magnets apart from the persistent current effect, possessed to
another unwanted field quality deterioration at injection, called the “snap back” effect. This
effect, first discovered in Tevatron [153], is related to decay of allowed harmonics during a long
stay at the injection plateau. A reason of the decay seems to be in a ow flux creep in the
superconductor and current redistribution between strands of superconducting cable [21], [154].

After resuming of acceleration, harmonics snap back to theinitial hysteresis curves within a short
time, causing the beam stability problems. For example, the sextupole component decays by
5010 (or 17 %) during injection in HERA dipole magnets, complicating the field correction
system [123].

The magnetic measurements were performed for 30 minutes at the constant current of 1750 A in
order to determine decay effects in the built magnets. The plateau was preceded by
0-6500-0- 1750 A pre-cycle with the ramp rate of 40 A/s, resumed after 30 minutes with the
ramp rate of 20 A/s. The magnet transfer function and main field component are presented in
Figure 5.4.23, and the low order harmonics (not normalized) are shown in Figure 5.4.24. Thereis
a clear snap in the transfer function after resuming of the ramp, extended over 1 minute range
due to a slow acceleration of the current. This effect is related to the eddy currents in aluminum
spacers, as shown in previous paragraph and can be reduced by increasing of the contact
resistance.

Deviations of the low order harmonics at 30 minutes plateau are less than 0.5010™*. This number
is by factor of 2-3 smaller than the natural “noise” in harmonic curves (due to the flux jumps)
during ramp that allows concluding that there was no “snap back” effect observed in these
magnets.
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Figure 5.4.23. The transfer function and main field component at 1.75 kA plateau.
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5.5 Summary

Two short NbsSn dipole models were fabricated and tested at Fermilab. Low quench
performance did not allow evaluation of the yoke saturation effect. However, other factors,
affecting the field quality were quantitatively evaluated and compared with the numerical or
theoretical predictions. The obtained results can be summarized as follows:

Performed the 3D simulation of magnetic field in the single bore dipole magnet that allowed
choosing of the coil and yoke lengths. Demonstrated that for the coil and yoke length of 1 m
and 0.6 m respectively, the maximum field in the coil end is 8 % smaller than in the straight
section. Calculated the longitudinal harmonics aong the coil bore.

Measured distribution of the longitudinal harmonics at medium currents matches the
calculated values satisfactory well. It experimentally confirms validity of the numerical
models and methods used during simulation.

Analysis of the magnetic measurement results demonstrated presence of some undefined
magnetic object, affecting the field quality at low currents. Such object could presumably be
the stainless steel anti-cryostat pipe or the core inside the cable.

Measured effect of the coil magnetization matches the calculations with 5 % accuracy. It
experimentally verifies the numerica method used for simulation of the coil magnetization
effect based on the finite-element code.

Passive corrector of the coil magnetization effect, manufactured according to the proposed
geometry demonstrated close to the calculated performance. It confirms correctness of the
numerical simulation aswell as the high corrector efficiency.

It was found that the stainless steel core inside of the cable eliminates the ramp-rate
dependence in the harmonics. Numerical simulation shown that the ramp-rate dependence in
the transfer function explains by the eddy currents, flowing in the aluminum shells outside
the coil. This effect can be reduced by factor of two by insulation of the shells from each
other and more by choosing of the shell material with higher specific resistance.

Apart from the most of NbTi magnets, there was no significant harmonics decay found
within 30 minutes at injection plateau and no distinguishable “snap back” effect after
resuming of the ramp. This encouraging result of the magnet performance may simplify the
field correcting system of afuture collider.
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CONCLUSION

The dissertation work is devoted to study, optimization and justification of the major elements of
the high field magnet design for a future proton collider. Main attention is paid to investigation
of different factors, affecting magnetic field in the aperture and methods improving its quality.
Addressed guestions and the obtained results can be summarized as follows:

1. Developed design of magnetic system for the single bore NbszSn dipole magnet with the
maximum field of 12 T. Two short magnet models based on the developed design were
manufactured and tested. Obtained experimental results are most comprehensively describe
the field quality and corresponding effects in the NbsSn magnets. Performed magnetic
measurements enabled the quantitative evaluation of the geometrical harmonics in the
aperture, influence of the superconductor magnetization on the field quality, dynamic effects,
related to the eddy currents in the elements of construction and the harmonics drift at
injection. Experimentally verified the numerical models and developed recommendations on
improvement of the magnet parameters. Demonstrated that the source of a considerable
dynamic effect in the transfer function is the aluminum shell outside the coil. Found absence
of the “snap back” effect and harmonics drift at injection plateau that was unexpected but
positive result.

2. Proposed and numerically confirmed new and perspective magnet designs, meeting
requirements of the future collider VLHC:

» Single-layer dipole magnet with common coils has various advantages with respect to
other block type magnets. The auxiliary coils were eliminated that essentialy simplifies
the design without sacrificing the field quality. The number of the coil block was reduced
to three per quadrant. Simple, flat coil geometry alows winding inside of the mechanical
structure that reduces the labor expenses. Large cable bending radius makes it possible to
implement the “react and wind” technique that reduces the furnace size and improves
control of the cable dimensions. Demonstrated that the flat coil surface and absence of the
auxiliary turns reduce the coil magnetization effect by a factor of ~20 with respect to
other (dipoles TAMU and BNL) block type magnets.

» Therewas proposed and numerically confirmed advantages of the iron yoke splits parallel
to the flux lines, in the dipole magnet with the horizontal bore separation. Demonstrated
that it reduces deviations of the field quality due to the gap variations under
electromagnetic forces.
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o Outer size of the shell type magnet with the “warm” iron yoke and horizontal bore
separation was reduced by factor of 2 and the magnet weight was reduced by factor of 3-4
with respect to existing (dipole LHC) shell type magnets. Compensation of the coil
magnetic coupling can be easily accomplished by introduction of small (less than +/- 1
mm) left-right asymmetry in the coil geometry. Demonstrated that restriction of the
“cold” block alignment errors within 1.5 mm, limits the eccentricity force within 30 % of
the “cold” block weight and the harmonic deviations within 10

» Separation of the iron yoke by the “cold” and “warm” parts allows 30 % size reduction of
the dipole magnet with the vertical bore separation. The field quality satisfies the
requirements.

» Developed effective designs of the quadrupole magnets with different functions and bore
separation, coordinated with the relevant dipole parameters.

3. Proposed designs of the minimum inductance dipole coils based on the Rutherford type
cable. Demonstrated that 12 turns in the shell type coil and 10 turnsin the block type coil are
necessary and enough for generation of the field with the strength and quality required for
VLHC. It leads to the minimum inductance that by factor of 20-30 smaller than in existing
shell and block type magnets with the same aperture size and nomina field. It alows a
cardinal improvement of the mechanical structure concept and the magnet length choice. A
collar with slots similar to the stator of an electrical motor can be used for support of the shell
type coil, when the cable is wound inside rigid mechanical structure. It reduces errors in the
cable positions and therefore the random field harmonics by an order of magnitude with
respect to the usual shell type design using “floating” wedges. The block type coil can be
wound inside the common collar structure similar to the one implemented in the common
coil magnet. It increases tolerances on the cable positions as well. Minimum number of turns
and blocks significantly reduces the coil manufacturing time and cost. Exceptionally low
inductance gives possibility to increase the magnet length up to the limit driven by
manufacturing and transportation issues, which is by factor of 2-3 larger that the typical
length of the high field magnets. Large cable size alows implementation of the multistage
strands. Demonstrated that combination of NbsSn and copper sub-strands reduces the
complete strand cost by 15-20 % with respect to the solid strand at the same load parameters.

4. Numericaly and experimentally confirmed method of simulation the coil magnetization
effect based on the finite-element code. Performed numerical simulation of the coil
magnetization effect in various dipole and quadrupol e magnets. Shown that all the considered
designs possessed to a large coil magnetization effect, except the single layer common coil
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magnet. Demonstrated that presence of the flat yoke boundary, parallel to the horizontal axis
is not necessary or sufficient condition of elimination the coil magnetization effect.

5. Proposed simple, effective and cheap method of passive correction the coil magnetization
effect, based on the ferromagnetic strips. Considered installation of the passive corrector
inside the aperture, outside the coil and on the coil wedges. Studied influence of the corrector
geometrical parameters on the low order harmonics, which allows optimization of the
corrector geometry, depending on the necessary effect. Demonstrated that corrector inside the
aperture has the maximum efficiency. However, the corrector on the coil wedges provides the
most precise effect.

6. Proposed dternative method of compensation the coil magnetization effect, based on
ferromagnetic strips, installed inside or between the cables. In case of the strip inside the
cable there is a possibility of simultaneous reduction the eddy currents in the cable by
choosing the strip material with high specific resistance. A small adjustment of the coil
geometry allows enhancement of the corrector performance by factor of two.

7. Performed experimental study of the passive corrector installed inside the aperture of NbsSn
dipole magnet. The measurements confirmed high efficiency of the proposed passive
corrector and verified numerical simulations of the corrector parameters.
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APPENDIX A. COST OPTIMIZATION OF A HADRON COLLIDER

This appendix describes the cost scaling laws and optimization of hadron colliders based on the
high field magnets. Using few simplifying assumptions that should give a reasonable
approximation, cost of the collider magnet is divided among several major components. Scaling
law for every component is determined along with the weight factors that allow cost comparison
between different magnet designs. Cost of hadron collider as a function of the field, aperture size
and critical current density in superconductor was described anayticaly that alows cost
optimization by changing the magnet parameters. The optimum magnetic field was determined
for machines based on NbTi superconductor, operating at 4.2 K or 1.9 K and NbsSn
superconductor operating at 4.2 K. Anayzed influence of the magnet design parameters on a
machine cost provided information on ways leading to the magnet cost reduction. Economical
justification of a NbsSn collider was performed, which lets to determine the maximum price ratio
between NbzSn and NbTi superconductors that makes NbsSn collider economically effective.

A.1 Magnet cost scaling laws

In order to perform cost analysis and optimization of a collider one has to determine the major
cost drivers and their scaling laws. The magnet cost can be virtually divided among three major
contributors: coil, cold mass and cryostat. Since lengths of high field magnets are usualy much
bigger than their transverse size, magnet cost per unit of length can be assumed proportional to
the sum of cross-section areas of these three components with the relevant cost factors:

Clmag = ScoiI KcoiI + S(:chm + S(:r Kcr (A.11)

Scaling law for the coil area has been determined in the paragraph 1.2.1. The yoke and skin drive
the cross-section area and cost of the cold mass. Assuming equal yoke saturation and fringe field
as the scaling criteria for yoke size, one can require that the ratio of magnetic flux, generated by
the coail to the yoke outer radius remain constant:

Ryoke - RooreB

or
22
Syoke - Roore B (A.1.2)

It leads to approximately constant flux density, yoke saturation and fringe field for yokes with
relatively big radii (“cold” yoke magnets).
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Scaling criteriafor the skin thicknessis the equal tensile stress created in skin by electromagnetic
forces. Horizontal force per unit of coil shell length is proportional to:

Fx~ Byl ;
or
F ~B?
for afixed bore radius. Variations in the bore radius would require proportional adjustment of the

current in the coil in order to maintain a constant field. Therefore, in general, the force depends
on the field and bore radius as:

F | - RbOI’eB2 )

Now one can find scaling law for the skin area. Equality of tensile stresses imposes keeping a
constant ratio between the force F and the skin thickness dn that means:

dskin - F - I:\>boreBz

Since the skin areais proportional to the skin (yoke) radius Ry times the skin thickness dgin one
can write the final dependence:

Sskin - I:\>boredskin - I:\)borezBS' (A.1.3)

Comparing (A.1.2) and (A.1.3) one can see that the skin area grows faster than the yoke area by
a power of B. For simplicity, it can be assumed that the extra force is taken by some slim collar
around the coil and the cold mass area scales as.

22
Scm skin + Syoke Rbore B~

The cryostat area is proportional to its radius times the thickness. Since the cryostat thickness
virtually does not depend on parameters of the magnet it houses, one can write:

Scr - Ryoke + AR’

where AR is the radial space between cryostat and iron yoke. For simplicity, this space can be
assumed proportional to the yoke radius, then:

SCI’ - RboreB )
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There has been determined all the laws necessary to scale magnet cost for any field and bore
radius:

Clmg(Rbore! B) - Scoil (Rbore! B) Kcoil + I:\)boreszKcm + I:\)boreBKcr : (A'1'4)

In order to find the cost factors one should use some reference magnet with known contribution
of magnet components into the total magnet cost. RHIC dipole magnet was picked for this
purpose as is had a typical among the high field magnets design and parameters. Table A.1.1
presents cost distribution between the main magnet components [119].

Table A.1.1. Cost distribution of RHIC dipole magnet.

Component Materials, % | Labor, % | Total, %
Coil 18 11 29
Cold mass 21 13 34
Cryostat 23 14 37
Total 62 38 100

It is clear that the labor part makes a considerable contribution into the magnet cost. However, it
is difficult to establish adirect scaling laws for the labor part, asit is not obviously related to the
magnet parameters, like the field and aperture size, but rather to types of materias and
technological procedures used during magnet fabrication. For simplicity, it was assumed that the
labor part scales directly proportional to the materials part (which should presumably be true for
relatively large orders).

Taking cost of the RHIC dipole magnet for 1 unit of arelative magnet cost one can determine the
cost factors. Solving system (1.2.6) for the specific RHIC parameters: B = 3.46 T, Ryore = 4 CM,
NbTi superconductor with C; = 6000 A/mm?, C, = 600 A/mm*T and K = 2.2 one finds the
coil area S = 7.47 cm®. This value is smaller than the actual area of the RHIC coil since it
assumes the ideal coil configuration without spacers between coil blocks and no margin in the
bore field. Keeping it the same way for any other magnet with different field and bore radius
would assure that the magnet has the same packing factor of cables in the coil and bore field
margin (15 %) as the RHIC dipole. Table A.1.2 presents cost factors that satisfy (A.1.4) for the
RHIC dipole parameters.

Note that the scale factors represent relative cost of the material and irrelevant to the magnet
design or parameters, which alows cost estimating of any other high field magnet using the
determined scale laws in units of the RHIC magnet cost per unit of length. Figure A.1.1 shows
the relative cost of high field magnet based on the NDbTi coils, operating a 4.2 K (RHIC

203



parameters) or 1.9 K temperature (with C; = 7800 A/mm?, C, = 600 A/mm?/T) and NbsSn coil
operating at 4.2 K (Beo= 24.88 T, J(12 T) = 3000 A/mm?).

Table A.1.2. Cost factors.

Component Cost factor Scaling law
Coil 3.88010 1/cm? St
Cold mass 1.7700° UT?%cm? Roore B"
Cryostat 2.6710 1/T/cm RooreB

The copper to non-copper ratio in the coils was 0.85, which is a safe minimum required for the
micro-quench stabilization. Necessary for the quench protection amount of copper can be
introduced using the sub-strand approach [53], which does increase coil area but virtually does
not contribute to the coil cost and generally leads to 15-20 % cost reduction of superconducting
cable. Coil bore diameter was set to 40 mm, proven to be reliable by the VLHC Design Study
[10]. The plot aso shows the relative magnet cost curves for SSC and LHC machines, calculated
by the same procedure.
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Figure A.1.1. Magnet costs as functions of the field.
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A.2 Collider cost

Similarly to the scaling expression for the magnet cost, one can define a collider cost function as:

Cyo =Cmg [L+Cun[L+C

const

where L is the collider circumference, Cmag’ is the magnets cost per unit of length, Cyn is the
tunnel, instrumentation and cryogenics cost per unit of length and Ceng are some constant
expenses, irrelevant to the machine parameters. It was convenient to compare costs of fully
equipped tunnelsin units per T or TeV with subtracted constant expenses:

: 1/ :
Cequn ~ E(C mag ng +C tunKtun).

In order to determine the cost the factors one can use the cost distribution for some reference
machine, similarly to the magnet case. Table A.2.1 presents cost distribution for the SSC project,
escalated to financial year 2001 dollars [155].

Table A.2.1. Cost distribution of SSC project.

Component FY2001, K$ | Ratio, %
Civil Underground 558,160 15.29
Civil Above Ground 170,133 4.66
Arc Magnets 2,043,811 55.98
Correctors & Special Magnets 168,622 4.62
Vacuum 17,341 0.47
Installation 121,487 3.33
Cryogenics 266,828 7.31
Interaction Regions 87,133 2.39
Other Accelerator Systems 217,672 5.96
Total 3,651,187 100.00

The ratio between magnet and non-magnet part in this table is 56 % over 44 %. Since the cost
ratio is given for the double bore magnets — the scaling will be correct for double bore magnets
only. It is necessary to find the coil areafor the specific SSC magnet parameters. B = 6.8 T, Ryore
= 2.5 cm, NbTi superconductor with C; = 6000 A/mm?, C, = 600 A/mm?T and Keys = 1.6. The
coil area corresponding to these parameters is Soi = 17.73 cm? Taking cost of 1 m of fully
equipped SSC tunnel for 1 unit one can find the cost factors. Kyeg = 2.76 T and Kyn = 2.99 T.
Figure A.2.1 shows cost of the fully equipped tunnel per Tih for three choices of
superconductor. Dividing the total cost of fully equipped SSC tunnel by the operating field of 6.8
T and the machine circumference of 87 km one finds the SSC cost of 6172 $/T/m, which makes
it possible to plot the cost distribution in the absolute units (Figure A.2.2).
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Figure A.2.2. Collider costs as functions of thefield in FY 2001 dollars.
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A.3 Analysis of the magnet design parameters

Results of the previous paragraph demonstrated the cost dependencies for machines with
different superconductor properties and aperture sizes. It was interesting to separately analyze
effect of each particular parameter on the machine cost and optimum field. For this purpose the
critical current density in superconductor was fixed at Jo(12 T, 4.2 K) = 3000 A/mm?, copper to
non-copper ratio in the coil at 0.85 and the coil bore diameter was consequently varied within 30-
50 mm with 5 mm increment. Figure A.3.1 shows the collider cost as a function of the field for
different bore diameters and Figure A.3.2 derives minimum cost and optimum field as functions
of the bore diameter. One can notice that decreasing of the coil bore diameter from the “proven-
to-be-feasible” 40 mm to somewhat “ close-to-the-limit” 30 mm (or by 33 %) leads to decreasing
of the collider cost by only 2 %. However, inevitable growth of the beam screen, cryogenics and
the magnet alignment system cost (not included in this model) may very likely eliminate
advantage of the smaller aperture option, if not to make it more costly at al. In fact, larger than
40 mm aperture may turn out to be more effective, especially for higher than 10 T field magnets,
when synchrotron radiation starts playing a significant role in the magnet design. The optimum
field depends nearly inversely proportiona on the bore diameter and changes from 9.64 T to 9.9
T for the 40 mm to 30 mm aperture change.

Influence of the second parameter — critical current density was analyzed for the coil bore
diameter fixed at 40 mm and copper to non-copper ratio in the coil of 0.85. Figure A.3.3 shows
the collider cost as afunction of the field for different critical current densities in superconductor
at 12 T and 4.2 K and Figure A.3.4 derives minimum cost and optimum field as functions of the
critical current density. It is noticeable that the collider cost and the optimum field changes
significantly within the range of 1000-3000 A/mn* but starts to “saturate” for higher values.
Thus, the cost drops by 16 % for the first 2000 A/mm? and only by 4 % for the second one. It
explains by the fact that the coil area and therefore its contribution to the cost decrease at a
higher critical current density, while the rest of components contribute nearly constant amount.
Obvioudly, reaching of higher critical current densities requires additional investments to the
superconducting technology (at least at the R&D stage) that reduces benefits of conductors with
high critical current density even more.

The last parameter necessary to analyze was the copper to non-copper ratio. Since it isin direct
correlation with the current density in superconductor, a new copper to non-copper ratio can be
calculated as:

Jnew
Ko ==e (14K )-1

Cc
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under assumption that the current in the coil (and so the bore field) remains constant.

Having fixed the critical current density at 3000 A/mm? one can easy derive the minimum
collider cost and the optimum field as functions of the copper to non-copper ratio from the
previous plot. Figure A.3.5 presents the minimum cost and the optimum field as functions of the
copper to non-copper ratio. Changing of the copper to non-copper ratio from 0.85 (short models)
to 1.2 (necessary for the quench protection of a long magnet) increases the minimum collider
cost by 2 % that isafairly small but necessary price of a safe machine operation.
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Figure A.3.3. Collider cost as afunction of field in SSC units for different critica current
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A.4 Economical justification of a NbsSn collider

In order for a collider based on NbsSn superconductor to be economically effective, its cost
should be less than that of a NbTi based collider. The model considered in previous paragraphs
did not take the difference in cost between NbTi and Nb3Sn superconductors into account. It can
be easily accomplished by adding the corresponding term in (A.1.4):

' 2
C mag (Roore’ B) - Scoil (Roore’ B) Kcoil KNb381/ NbTi + Roore BZKcm + RboreBKcr ’

where Kypssynori 1S the ratio of prices per unit of volume between NbsSn and NbTi
superconductors. Consequently repeating al the necessary steps, one can find the price ratio that
renders cost of NbsSn collider being equal to NbTi collider.

Theratio is 4.7 for the NbzSn collider with 40-mm bore magnets and the critical current density
of 3000 A/mm? a 12 T and 4.2 K. Figure A.4.1 shows the cost distribution of corresponding
NbTi and NbsSn colliders. The optimum field for the NbTi collider is 6.5 T. The optimum field

for the NbsSn collider with the priceratio of 4.7 is7.5 T and for the NbgSn collider with the price
ratioof 1.0is10T.
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Figure A.4.1. Collider cost as afunction of the field in SSC units.
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A.5 Summary

The considered cost model based on reasonable assumptions allowed cost comparison between
colliders based on the high field magnets with different parameters. Comparison between SSC,
LHC and VLHC colliders shows consequent growth of the optimum operating field and
reduction of the machine cost per Tih. Thus, fully equipped tunnel of VLHC with justified
during the design study parameters [10] and the center-mass energy of 175 TeV would cost 3.1
times the SSC (40 TeV), when the same energy SSC would cost 1.4 times more under
assumption of equal prices for the NbsSn and NbTi conductors. Minimum on the cost curve,
corresponding to the optimum field for VLHC is ~10 T, which is essentially smaller than fields
practically achievable with modern NbsSn conductors. Shallowness of the minimum, in fact,
allows defining the optimum field range of 8-11 T. However, contribution of the synchrotron
radiation (not included in the model) would cut the optimum range at the high field side,
presumably to 8-10 T.

Anayzed influence of the magnet design parameters on the machine cost allows concluding:

» Decreasing of the magnet aperture has a weak effect on the machine cost. Taking into
account cost contribution of the beam screen, cryogenics and the magnet alignment, the
optimum aperture is unlikely to be smaller than 40 mm. In fact, it may be even larger,
especialy for more than 10 T field magnets, where synchrotron radiation makes a significant
cost contribution.

« Increasing of the critical current density in superconductor from 1000 A/mm? to 3000 A/mm?
makes a noticeable machine cost reduction (16 %). Further increasing of the critical current
density however, has a relatively small effect and may not be economically justified at al,
due to necessity of significant investments in superconducting technology. Taking into
account cabling and other types of critical current degradations, one would define the
ultimately wanted critical current density in superconductor at 3500 A/mm?.

» Variation of the copper to non-copper ratio within the reasonable limits has a weak effect on
the machine cost. Thus changing of the copper to non-copper ratio from 0.85 to 1.2,
necessary for the quench protection of along (>15 m) magnet, increases the collider cost by 2
% that seems to be unavoidable price of a safe operation, unless a sophisticated guench
protection system is devel oped.

Economical justification of the NbgSn collider shows that the price of NbsSn conductor may be
as large as 4.7 times the price of NbTi for the collider to be economically effective. This price
differenceisvirtually achieved for small quantities of NbsSn superconductor and may be reduced
even more after assessment of alarge machine.
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Further reduction of the collider cost per Tl is possible during R&D program. Using of high
field magnets with the “warm” iron yoke [49], for instance, allows reduction of the cryostat size
by factor of ~2, while keeping other parameters uniform. Thus, depending on the design of the
coil support structure, the cold mass cost can be reduced by a factor of 3-4 and the cryostat
(“warm” yoke) cost by at least factor of two. Other improvements leading to reduction of the
labor part during coil production by implementing coils with the minimum number of turns are
also beneficial [53].
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APPENDIX B. COIL DESIGN PARAMETERS

This appendix summarizes design parameters of three types of coils with circular shell, elliptical
shell and block type geometry. The coil bore size was varied from 30 to 45 mm for every type of
coil. Some steps of the optimization are described in [156], [157].

The block numbering for all the designs starts from the midplane block of the outer coil layer.
Since all the coils have horizontal and vertical symmetry with respect to coordinate axes, only
coordinates of blocks in | quadrant are presented. The naming convention for the polar
coordinates in the shell type coils (positioning and inclination angles ¢ and a) and Cartesian
coordinates in the block type coils are given by Figure B.1. All the coordinates include cable

insulation. There are 0.125 mm of the cable insulation and 0.5 mm of the interlayer insulation
assumed in al the designs.

Y

b
y
!

X
Figure B.1. The naming convention for ashell (top) and block (bottom) type coils.
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B.1 Shell type coilswith a circular aperture

Cails of this type were optimized in assumption of circular supporting cylinder for inner cail
layer. Designs with 30-40 mm bore have 5 block per quadrant, design with 45 mm bore has 6
block per quadrant. Figure B.1.1 presents coil geometry with field quality diagram and Table
B.1.1 summarizes coil block coordinates for every optimized design.

30 mm

Figure B.1.1 Geometry and field quality in shell type coils with circular bore. Bore diameter is
written above each cail.
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Table B.1.1. Coordinates of the coil blocksin shell type coils with circular bore.

Bore size, Parameter Block #
mm 1 2 3 4 5 6
N cables 9 9 4 6 4 -
R, mm 29.615 | 29.615 15 15 15 -
30 ¢, deg 0.000 24.294 0.000 20.000 | 53.978 -
a, deg 0.000 32.834 0.000 25.000 | 51.000 -
N cables 9 9 4 6 4 -
R, mm 30.907 | 30.907 | 17.500 | 17.500 | 17.500 -
35 ¢, deg 0.000 25.000 0.000 20.734 | 55.885 -
a, deg 0.000 25.269 0.000 26.036 | 46.000 -
N cables 8 7 4 7 4 -
40 R, mm 33.608 | 33.608 | 20.000 | 20.000 | 20.000 -
¢, deg 0.000 24.903 0.000 19.400 | 54.300 -
a, deg 0.000 27.198 0.000 25.906 | 62.756 -
N cables 7 5 4 3 5 3
45 R, mm 36.309 | 36.309 | 36.309 | 22.500 | 22.500 | 22.500
¢, deg 0.000 23.553 | 45.078 0.000 19.600 | 54.081
a, deg 0.000 30.017 | 46.063 0.000 30.769 | 65.000
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B.2 Shell type coil with an elliptical aperture

Cails of this type were optimized in assumption of elliptical supporting cylinder for inner cail
layer. Designs with 30-40 mm bore have 5 block per quadrant; design with 45 mm bore has 6
block per quadrant. Figure B.2.1 presents coil geometry with field quality diagram and Table
B.2.1 summarizes coil block coordinates for every optimized design.

30 mm 35mm

Kk 3

- . () S— —
. ] = ]
— .

AN

Rel. field errors (x10E-5)
2 4 6 8 10 12 14 16 18 20

Rel. field errors (x10l
0 2 4 6 8 10 12 14 16 18 20

Figure B.2.1 Geometry and field quality in shell type coils with éliptical bore. Bore diameter is
written above each coil.
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Table B.2.1. Coordinates of the coil blocksin shell type coils with elliptical bore.

Bore size, Parameter Block #
mm 1 2 3 4 5 6
N cables 9 9 4 6 4 -
30 R, mm 29.615 | 29.615 | 15.000 | 15.000 | 15.000 -
¢, deg 0.000 25.896 0.000 20.828 | 55.448 -
a, deg 0.000 34.982 0.000 25.333 | 51.263 -
N cables 9 9 4 6 4 -
35 R, mm 30.907 | 30.907 | 17.500 | 17.500 | 17.500 -
¢, deg 0.000 26.881 0.000 20.953 | 56.000 -
a, deg 0.000 25.689 0.000 26.540 | 48.488 -
N cables 8 7 4 7 4 -
40 R, mm 33.608 | 33.608 | 20.000 | 20.000 | 20.000 -
¢, deg 0.000 30.293 0.000 19.603 | 54.239 -
a, deg 0.000 25.854 0.000 25.897 | 66.304 -
N cables 7 5 4 3 5 3
45 R, mm 36.309 | 36.309 | 36.309 | 22.500 | 22.500 | 22.500
¢, deg 0.000 26.311 | 49.186 0.000 19.894 | 54.991
a, deg 0.000 28.634 | 47.625 0.000 29.72 60.076
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B.3 Block type coilswith square aperture

Coails of this type were optimized in assumption of square supporting cylinder for inner coil layer
and auxiliary coils. All the designs have 5 block per quadrant. Figure B.3.1 presents cail
geometry with field quality diagram and Table B.3.1 summarizes coil block coordinates for
every optimized design.

30 mm

Tl

Rel. field errors (x10E-5) Rel. field errors (x10E-5)
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

60

i o

Rel. field errors (x10E-5) Rel. field errors (x10E-5)
0 24 6 8 10 12 14 16 18 20 0 24 6 8 10 12 14 16 18 20

Figure B.3.1 Geometry and field quality of block type coils with square aperture. Bore diameter
is written above each coil.
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Table B.3.1. Coordinates of the coil blocks in block type coils with square aperture.

Bore size, Parameter Block #

mm 1 2 3 4 5
N cables 11 2 17 3 1

30 X', mm 29.290 | 15.000 | 15.000 | 10.509 6.257
y', mm 0.971 0.376 5.407 15.000 | 15.000
N cables 8 2 16 3 1

35 X', mm 32.614 | 17500 | 17.500 | 12.132 7.334
y', mm 1.839 0.407 6.270 17.500 | 17.500
N cables 7 2 15 3 1

40 X', mm 35.524 | 20.000 | 20.000 | 13.654 8.314
y', mm 1.718 0.632 7.464 20.000 | 20.000
N cables 7 2 14 4 1

45 X', mm 38.024 | 22,500 | 22,500 | 14.662 | 10.185
y', mm 2.707 0.900 7.642 22.500 | 22.500
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